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Abstract 
In recent * years 
there has been increasing concern for the environmental impacts 
of economic and technological development. This (principally socio-political) con- 
cern has led to the well-known series of environmentall ,y motivated 
(global and 
local) conventions, agreements and legislation put forward in a bid to manage these 
environmental impacts, which in turn has led to research and commercial activ- 
ity on environmental issues. One of the major activities identified as adversely 
impacting the environment is the manner in which energy is currently harnessed, 
inter-converted and utilised. 
Within developed world economies, refrigeration has long been identified as one 
of the two greatest energy consumption activities, a trend which is uniform across 
the industrial and domestic sectors'. Thus the potent, ial energy and environmental 
benefits realisable in improving the energy performance of the refrigeration pro- 
cess/appliances is of considerable importance. 
Currently no commercially acceptable controllable technology for energy- 
demand management in refrigeration appliances is known to exist. A non-toxic, 
biodegradable and economically cheap pseudo-eutectic thermal-energy store is 
herein proposed as the basis of such a controllable technology. The research here 
presented looks into this energy-demand management issue within the 'demand 
side management' context of resource (available energy or exergy) conservation, in 
a demand side implementation vZz a domestic refrigerator. The, work arnalgainates 
some of the best available technologies 2 and employs several phenomena intrinsic 
to the refrigeration process in seeking to minimise the energy consumption of such 
appliances; whilst, at the same time, providing sufficient latitude for the exploitation 
of whatever other economic opportunities which may be accessible in the utilisation 
locale. 
Within the (domestic) context, the work identifies energy management strate- 
gies which inay be applied on the basis of (a) minimising energy consumption, (b) 
energy availability, M minimising operating cost, depending on prevailing billing 
criteria or (d) demand load profile. The identified technologies permit the ability 
to design optinially for a particular criterion, a subset or the ensemble of the energy 
management criteria listed. In addition, the technologies afford (a) the -designing 
in' of thermal --performance robustness to both energy supply and appliance utilisa- 
'Within the OECD, the yearly domestic energy consumption alone amounts to between four and 
five hundred of terrawatt hours. 
2 Working within the framework of the Best Available Technologies Not Entailing Excessive 
Cost (BATNEEC) protocol. 
1V 
tion profiles, (b) the downsizing of the prime-mover, (c) more uniform appliance 
temperatures and W possibl *y 
longer prime-mover life. 
Preliminary modelling, performed on the basis of energy consumption. indicated 
that the designed appliance will fare better when compared to a similar, basic, 
appliance i. e. one with neither the controllable technology nor the allied energy 
management strategy. These results were validated by the findings of subsequent 
experiments. The experimental results indicate that (depending on the control strat- 
egy employed) up to 65% and 52% improvements in prime-mover coefficient of per- 
formance and appliance energy consumption, respectively, inay be achieved. Other 
measured improvements include up to a 20% reduction in the mean power demand of 
the prime-mover, an eight-fold reduction in prime-mover cycling, a 16'/(' reduction 
in running time and observed greater stability in appliance temperatures. Impor- 
tantly, the experimental results demonstrated the effectiveness in the technology to 
enable the intelligent control of an appliances energy-demand profile. 
The (economic) cost benefit of these performance improvements may well exceedc 
50% of the initial running cost of the appliance depending on use and energy tariffs 
prevailing during operation. The additional cost of implementation (not retrofitting) 
will depend on the extent to which the technologies are to be applied. However, it 
is estimated that substantial improvements in prime-mover performance may be 
obtained for as little as (3-15)% of the basic appliance (retail) cost, depending on 
size, utilising only the core energy management facilitating technology. 
On the one hand, this research has far-reaching environmental conservation iin- 
plications, particularly in terms of green house effects (power generation) and ozone 
layer depletion (refrigerant use); on the other, it has industrial /process implications 
for (a) processes with rigorous temperature control requirements, (b) environments 
where there are cost and/or availability restrictions on energy use, (c) applications 
NOicre there is a need for transient high coolth energy transfer in regions of low, but 
constant, energy supply densities and W applications where there is the need to 
ensiure uninterrupted coolth delivery during periods of power interruption or during 
svstenis maintenance. 
N, 
Preface 
The main thesis of this work is that, energy use and thermal performance, do- 
niestic (and similar) refrigeration systems may be improved by the incorporation of 
appropriate energy storage devices. 
This thesis has been written up as follows: 
A summary of the current state of the literature. which was principally under- 
taken at the commencement of the project and updated periodically forms, along 
with rationale for the research, the substance of Chapter One. 
Chapter Two considers several of the various concepts which were useful in the 
research undertaking. Consisting of an assessment of the various parts of the basic 
(vapour compression) refrigeration cycle, a discussion on the problems experienced 
during utilisation and the concept u alisat ion of energy storage (particular thermal 
storage) as a means for improving the energy performance of domestic refrigeration 
s. N, ýstems. 
Chapter Three consider thermal energy storage in greater detail and highlights 
the problems hitherto associated with thermal energy storage. In considering tile 
various thermal energy storage technologies, it identifies an appropriate technology 
-ind proposes the use of a novel thermal energy storage medium for the current 
research exercise. 
Chapters Four and Five are a formal presentation of the energy requirements 
for different identified appliance control regimes which may be of importance in 
assessing the comparative feasibility (in terms of energy use) of such refrigeration 
s, N,, stems fitted with passive (Chapter Four) and active (Chapter Five) thermal energy 
storage systems. 
The equations thus derived formed the basis of an assessment-predic t ion 
coniputer-based model which is described in Chapter Six along with the results of 
coinputer-based experiments about an identified base-case set of design parame- 
ters. Based on the results obtained for a passive thermal energy storage sYstem, 
the construction parameters for a small appliance were specified and subsequently 
built. 
Chiil)ter Seven describes the experimental rig along with modifications inade 
to the initial sp e cificat ions. The experimental procedure and results thereof are 
subsequently presented and form the main essence of the chapter. 
Chapter Eight concludes the work and makes recommendations regarding further 
activitv into the research area. 
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Chapter One 
The Context 
1.1 Proem 
Domestic Refrigeration Appliances 
1.1 Proem 
2 
The progress of any civilisation is inextricably linked to its ability to reduce the 
time required to satisfy basic needs e. g. thirst, hunger, clothing, shelter etc. The 
ability to store basic amenities is intrinsic to this requirement, as it reduces the 
number of times certain tasks (such as foraging for food, fetching water, cooking 
etc. ) are performed, permitting the allocation of human resources to the building 
of society. This is suggestive of a critical, 'minimum living standard' necessary for 
the onset and perpetuation of development. The rate of this development would 
depend, to some extent', on a society's proximity from this basic living standard 
and the states of development of other mutually-interacting societies. Thus, there is 
a natural interest and requirement throughout the world to improve the living stan- 
dards and overall health of communities, particularly in developing countries. At 
the same time, there are enormous economic advantages to be gained in an aware- 
ness, and possible exploitation, of the commercial potentials inherent in the supply 
'As with all things, the laws of diminishing returns would apply. 
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of provisions (goods, services, utilities etc. ) necessary to facilitate this development. 
The role of refrigeration is invaluable within most preservation/storage contexts. 
The proliferation of domestic and small-scale commercial refrigerating (cold/coolth) 
devices (appliances), hereinafter referred to as DRA's', began in the 1920's-1930's 
[Bianchi and Forlai, 1988; Atwood, 1991; Nagengast, 1998]. Currently in many 
countries of the developed world, there is a saturation (or near saturation) of 
DRA's [FICHTNER, 1988; Sillanpdd et al., 1996]. In the UK, for instance, the 'average' 
household owns between circa 1.4 [Boardman et al., 1997] and circa 1.8 [Mansouri- 
Azar, 1996] coolth appliances. 
Among domestic appliances, the energy utilised by refrigeration appliances 
represents the fastest growing portion of household energy consumption [Board- 
man, 1995a]. Electricity statistics [Hardcastle, 1984; Frachet, 1995; IEA (for 
OECD), 1996; Ward, 1997] indicate that, within the OECD, domestic electricity con- 
sumption constitutes the greatest, or second greatest2, portion of national electricity 
consumption when compared with electricity usage from the other major sectors: 
viz the iron and steel industry; industrial (excluding iron and steel); transport; 
and other commercial users (Figures 1.1 and 1.2, qv. pages 5 and 5 respectively). 
The developing world is also requiring dramatically increasing numbers of coolth 
appliances [Waide, 19931 as integral to its development, with attendant energy con- 
sumption implications [Anon., 1995]. The results from one survey [Sathaye, 1988] 
indicate that, in Beijing China, prevalence of DRA's grew from a few percent in 1981 
to more than 60% in 1989. A similar trend was observed in the UK between 1973 
and 1983 with domestic freezers, where the ownership level rose from 3% to 32% 
over the same period [Mansouri-Azar, 19961. 
1.2 The Energy Consequences 
The Developed World 
Domestic refrigeration (coolth) appliances are almost invariably 'mains' elec- 
tricity driven. The very nature of the application and the concomitant stringent 
performance requirements, mandate continual operation all year round. Notwith- 
standing the relatively low power consumption (50-150) W normally associated with 
their operation, DRA7s are, as a group, a significant contributor to the electricity 
'Collectively, larder refrigerators, fridge-freezers and freezers. In this case excluding air con- 
ditioners but inclusive of small-scale non-domestic refrigeration applications such as in public 
houses, corner shops etc. 
2 Depending on whether iron and steel consumption is accounted for along with the other in- 
dustries or not. 
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consumption of typical domestic dwellings', as a consequence of their virtually 'all 
year round' operation [UK Consumers' Association, 1982; Smith and Porter. 1990: 
Boardman, 1995b]. This has attendant implications on national electricity consump- 
tion, especially for countries with a high level of DRA saturation i. e. much of Western 
Europe, Canada and North America [FICHTNER, 1988; Mansouri-Azar, 1996]. 
Norgard (1989) estimated that between 30 and 50% of an industrialised na- 
tion's total electricity consumption is used to run domestic appliances; for Den- 
mark, in 1988, the author quotes a value of 45%. In the US in 1989,20% of all 
the residentially-consumed electricity (7% of the nations total) was put to DRA- 
use alone [Turiel and Levine, 1989]. More recent statistics, [Frachet, 1995; IEA (for 
OECD), 1996; Ward, 1997], tend to indicate that, within the OECD, the proportion of 
national electricity used for domestic purposes is in the region of 20 to 40%. In 
1990 the ACEEE released a document [Burke, 1990] cataloguing the ten most energy- 
efficient appliances. In the introduction, the authors state that in the US prior to 
1990, refrigerators alone accounted for about 5% of the nation's total electricity 
consumption. According to one CADDET study [CADDET, 1994], in 1993 the US DRA 
electricity consumption was an estimated 293 TWh, a 9.2% increase relative to 1990. 
In the EC in 1993, DRA7s were the most dominant of all domestic appliances 
in terms of energy consumption, accounting for an estimated 24% (111.2 TWh) of 
all domestically-consumed electricity (6% of the total electricity consumption in 
that year) [Waide, 1993]. In another DECADE report, the authors state that in 1996, 
domestic coolth appliances accounted for 6% of the total electricity consumption in 
the UK, a staggering 17 TWh [Boardman et al., 1997], apparently more than all the 
electricity consumed in offices in the UK in the same year. Sillanpdd et al. (1996) claim 
that in the preceding year circa 30% of the Finnish domestic electricity consumption 
was used for DRA's, some 2.215 GWh, the general proportion being in the region of 20 
to 30%. 
The specific energy consumption (SEC) 2 over time have been affected by several 
factors including: 
" Trends in efficiency, size and features in appliances, reflecting a change in 
consumption under test conditions. 
" Demographic factors, [Boardman et al., 1997, (Chapter 5)], such as reduced 
family size or greater number of working single person homes (including stu- 
dents). 
" Changes in the usage patterns of appliances (e. g. buying more frozen food and 
freezing more foods etc. ) which may, in part, be a reflection of changes in the 
'More so, when air conditioning is taken into account. 
2 Energy consumption per unit litre, typically kWh(. )/Iitre 
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Figure 1-1: Electricity Consumption (Domestic and Total) in the OECD world 
(1960 1995) source [IEA (for OECD), 1996] 
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Figure 1.2: Electricity Consumption (Domestic and Total) in the UK (1955 
1996) source [Ward, 1997] 
) 
(a). Only from 1990 does the data indicate that combined cycles were used (see also Table 1.1 
oil the following page). 
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above two elements and includes greater volume requirements of frozen space 
per home. 
Changes in 'standard appliance requirements'. Over time the fridge-freezer has 
become the defacto standard, replacing the conventional fridge. The growth of 
fridge ownership was halted by a switch to fridge-freezers loc. cit., which have a 
much higher unit energy consumption, see Figure 1.3 on the next page. Also, 
since its inception, the volume/proportion of frozen space in fridge-freezers 
has steadily increased op. cit. 
It is interesting to note that the amount of energy required to manufacture each 
DRA is approximately one third of the amount of energy it consumes over a 12- 
15 year working life span, [Herring, 1994]. In discussing the energy implications 
of the utilisation of DRA's, it cannot be over-emphasised that these appliances are 
predominantly electricity driven. 
Electricity is currently the most convenient form of transporting energy and, in 
many cases it can contribute to a more efficient conversion of energy at the point 
of use e. g. the electric kettle. For these reasons, it serves an increasing number of 
applications and thus the demand for electricity has continued to increase steadily. 
However, the production and distribution of electricity in most countries is an in- 
efficient, energy-intensive process requiring between two and four times as much 
primary energy (expressed in primary energy units) per unit generated energy. Over 
the past 40 years, thermal efficiencies of conventional steam power electricity gener- 
ating plants in the UK have improved from circa 24.2% in 1955, to about 33 to 36% 
in 1996. Nuclear electricity stations and combined cycle gas turbines respectively 
tend to operate with similar and much higher efficiencies, currently (35-36)%, and 
(43-47)%, see Table 1.1. 
Year 1965 a 1996 b 
Conventional steam stations 27.4 36.6 
Nuclear stations - 35.8 
CCGT'sc 46.8 
'Ward (1997) 
bIEA (for OECD) (1996), Ward (1997) 
cCombined Cycle Gas Turbines 
Table 1.1: Thermal efficiencies (%) of electricity generating plants in the UK 
In addition to this, a considerable amount of energy is 'lost' between generation 
and delivery. In the UK for instance, between four and seven percent of the electricity 
generated is lost in distribution, i. e. the difference between the net generated and 
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the amount consumed [Ward, 1997], a figure comparable to the amount of electricity 
consumed by DRA's in recent years. 
Therefore any reductions in electricity consumption will have a high (circa two- 
three fold) impact on energy resource conservation. The scale of energy consumption 
associated with the utilisation of DRA's, even when the manufacturing energy cost is 
neglected, is such as to have salient economic implications on most economies where 
such appliances are extensively used (with attendant environmental ramifications). 
Much of the foregoing is deferred to the energy and/or economic cost of DRA's, 
without much reference to the environmental implications associated with the man- 
ufacture and use of DRA's. If the environmental impact of the halocarbons, typically 
used in DRA manufacture, were to be taken into consideration along with similar 
impacts of the combustion of fossil fuel during the production of the necessary elec- 
tricity used for DRA operation, the environmental consequences become a prominent 
concern'. In addition to this, there are (techno-economic) logistical problems as- 
sociated with the supply of such large quantities of electricity. In all but a small 
minority of limiting special cases, there are beneficial environmental effects in re- 
ducing both the energy consumption of DRA's 2 and, the quantities of energy and raw 
materials (particularly halocarbons) used in their manufacture. 
1.2.2 The Developing World 
The United Nations (UN) demarcates the world's population into three different 
categories, depending on level of socio-economic development [UN, 1996]. 
More developed regions comprise all regions of Europe and Northern America, 
Australia, New Zealand and Japan. 
Less developed regions comprise all regions of Africa, Asia (excluding Japan), 
Latin America, the Caribbean, and Oceania (the regions of Melanesia, Mi- 
cronesia and Polynesia). 
Least developed 3 regions which as of 1995 included 48 countries, of which 33 
are in Africa, nine in Asia, one in Latin America and five in Oceania. 
The Populations Division of the UN's Department of Economic and Social Affairs, 
also publishes demographic figures and trends for the world, by country (e. g. see 
Table 1.2 on the next page). 
'Much of the awareness of this prominence, desirable as it may be, is largely for socio-political 
concerns. 
2 One such case is given by the UK Consumers' Association (1982) where the prime-mover waste 
heat was used also as a means of providing space heating. 
3 Also included in the list of 'less developed' regions. 
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Year 
Rank Country 1950 1 OW T2050 
Population (million) 
China 555 
1 China 11232 
India 1,533 
India 358 
2 India 945 
China 1,517 
United States of America 158 
3 United States of America 269 
Pakistan 357 
Russian Federation 102 
4 Indonesia 200 
United States of America 348 
Japan 84 
5 Brazil 161 
Nigeria 339 
Indonesia 80 
6 Russian Federation 148 
Indonesia 318 
Germany 68 
7 Pakistan 140 
Brazil 243 
Brazil 54 
8 Japan 125 
Bangladesh 218 
United Kingdom 51 
9 Bangladesh 120 
Ethiopia 213 
Italy 47 
10 Nigeria 115 
Iran (Islamic Republic of) 170 
Table 1.2: Worlds ten largest countries ranked by year and order of decreasing 
population. Source [UN, 1996] 
PhD Thesis 0 1999 Cranfield University -Refrigeration 
Appliances: Performance enhancements via novel Thermal 
- 
Energy Storage- 
1.2 The Energy Consequences 
10 
9 
8 
ýz 
zý 5 
:Z 
10 
Y9 - 90 2000 2010 2020 2030 2040 2050 2060 
year 
Figure 1.5: Current and projected data and estimates of demographic trends 
(1996,2015,2050) categorised by development Source [UN, 1996] 
With the exceptions of tile USA, Japan and tile Russian Federation, tile. majority 
(accounting for circa 3 billion people) of the world's ten most populous nations are 
categorised as, 'less or least developed'. The demographic data projections for year 
2050 is weighted in favour of tile less developed regions of tile world, when alýout 
eight of tile ten most populous countries in the world will then be classified as 'less 
developed'. The current ratio of the population of tile lesser developed nations to tile 
more developed nations is circa 5: 1 (and increasing), with a current world population 
of about 5.9 billion people. The year 2050 estimates represent a 50.8'A increase' oil 
tile current population. It is against this population- development distribution that 
tile, following discourse oil DRA ownership, location and subsequently the energy 
consequences is undertaken. 
Whereas appliance utilisation/owilership data (or estimates) exist for much of tile 
developed world., there is a paucity of similar data for much of tile under developed 
(or (leveloping)2 world. For such regions, in the light of tile absence of data (and 
thus analysis), tile impacts of DRA's cannot be estimated accurately. However. it 
'The UN Population Information Network (http: //www. popin. org) publish an estimate of a 
total world hunian population of 8.9 billion by the year 2050. 
2 This is used interchangeably for the collective of the less and least developed regions of flic 
world. 
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is clear that as the inhabitants of developing countries aspire to the standards of 
living commonplace in much of the Western world, there will be a surge in the 
ownership level of, interaha, DRA's in those regions of the world. This potential 
for dramatic increase is evidenced in the case of China cf. section 1.1 on page 2. if 
that trend may be deemed as indicative. This potential is further compounded by 
the (projected) increasing trend in the populations of these underdeveloped regions. 
In contradistinction, much of the developed world is characterised by saturated (or 
close to saturated) DRA ownership levels. 
The bulk of these less/least developed regions are within continents which lie at 
least partly within the tropical or sun belt (i. e. between the tropics of Cancer and 
Capricorn - latitudes ± 231/20) viz: Africa, much of Asia, South America etc. as 
opposed to the more developed nations within Europe, and in North America which 
have more temperate climates. The air temperature differences between these two 
(tropical and temperate) regions can be as high as 30'C at certain times of the 
year with the average indoor temperatures differing by between (5-10) 'C'. These 
temperature differences have considerable bearing on the energy consumption of 
DRA's used comparatively (a likelihood which is small, as illustrated later) in both 
regions. 
One implication of this difference in air temperature, is that there will be a 
greater energy requirement to operate an otherwise similar DRA in the tropics, for 
the following reasons. 
The first is in consequence of the increased temperature difference between 
the refrigerator interior and the ambient temperature. The current con- 
sensus is that, the heat gain through the DRA compartment constitutes 
upwards of 80% of the energy requirements of a standard fridge, not in- 
cluding air infiltration (which constitutes a further 8% or thereabouts) 
[Guldbrandsen et al., 1986; Norgard, 1989; March Consulting Group, 1990; 
Boardman, 1995b]. ASHRAE (1994)2 gives a detailed breakdown of the heat gain 
distribution, see Table 1.3 on the next page. According to Norgard (1989), 
the operating environment temperature is very important; a5 "C increase 
in ambient temperature could affect the energy consumption by as much as 
30%'. Similar results were observed by Malin et al. (1993) and Boardman 
'This is after steps have been taken to regulate these temperatures to within the (location 
dependent) human comfort zone. In places like garages and garden sheds the differences can be 
as much as five times as much (25 to 50 *C) particularly, when the hot dry season in the tropics 
coincides with winter in the temperate regions. 
2 Chapter 48. 
'As a consequence of increased thermal loading and a reduction of prime-mover performance. 
The ambient temperature during the tests was the standard (EN 153) 25 *C. By way of a very basic 
example, not considering changes in prime mover performance and on the estimates given in Table 
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et al. (1997). Figure 1.6 on the following page illustrates the effect of sea- 
sonal temperature changes in low income households in Edinburgh, UK. Of 
immediate interest is the difference in the variation of the fortnightly energy 
consumption from 20kWh(, ) to 33kWh(, ) (between summer and winter), an in- 
crease of 60%. With much of the developing world having ambient and indoor 
temperatures higher than those of the bulk of the more developed world (circa 
(10-20) 'C and (5-10) 'C respectively), the magnitude of the 'compartment 
associated' gains would be significantly greater in the developing regions. 
Heat ingress avenue Percentage of total 
Wall insulation 52 
Door gasket region' 30 
External heater 6 
Defrost heater 6 
Fan motor 6 
Table 1.3: Estimates of the heat gain into a DRA. Source [ASHRAE, 1994, pp. 48-3] 
'Conduction associated. 
The second is related to climate-dependent DRA utilisation. Whilst in some 
instances in more temperate climates, some foods can be left unrefrigerated', 
in regions of the world where the average outdoor temperatures are, say, in 
excess of 32'C (and indoor temperatures are circa 25'C), the preservation 
of say, vegetables, milk, meat etc. depends more on the use of refrigerating 
appliances. Thus, increased per capita cold storage volume requirements and 
use can be envisaged. It is expedient to ensure that DRA's are fully laden from 
an operating standpoint2 , however this 
has to be traded against the increased 
internal cooling load associated with the increased storage volume requirement 
and higher load input temperatures. 
Increased solar insolation within the the sun-belt is the reason for increased air 
temperature within this region as compared to the more northernly and southernly 
1.3, the heat gain may be represented as 82 x (0.22 + 1) XU- AT and 82 X (0.22 +1+ y' )xU- AT AT 
before and after the 5 'C ambient temperature increase respectively. The inverse ratio of which 
reduces to 1+ 4-09 or a 20% change for an initial 20'C temperature difference. AT 
'Possibly on a window sill or on a table. 
2 The increased thermal mass would reduce compressor cycling and thus has a propensity to 
improve use-associated efficiency, see Guldbrandsen and Norg a5rd (1986), particularly in situations 
where a high number of interactions with the DRA axe expected per unit time. 
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Figure 1.6: Seasonal variation (1994-1995) in fridge freezer electricity con- 
suniption (uleasured on a fortnightly basis), in low-income households, source 
[Boardman et al., 1997]; originally Bill-Savers Project 
latitudes. This increased solar insolation may have another less obvious iniplica- 
tion oil comparative energy consumption of DRA's within and without this sun belt. 
Consider Figure 1.7 oil the next page, which is an estimate of the mean global solar 
irradiation at different longitudes and Figure 1.8 on page 15, the yearly (24 hour) 
mean distribution of global insolation. These indicate (a) that the solar absorption, 
within and around the suil-belt, is fairly equitable over the year in stark contrast 
to regions outside the sun-belt and (b) the solar radiosity is comparatively greater 
over and around the still- belt. While the relative ambient air temperature may 
give a comparative indication of the heat ingress into a DRA within and without the 
Still belt; it fails to take cognisance of any direct solar irradiation such appliances 
may be subjected to as a result of user practices, and/or habitat design'. Thus 
it is possible to conceive a sceilario where a DRA is (wholly or partly) exposed to 
direct solar irradiation during some period of the day, this will further increase the 
'For example in Saharan and sub-Saharan Africa houses are built with large windows to facil- 
itate cross-ventilation. This has the unfortunate effect of letting larger proportions of direct solar 
irradiation into the building were it built otherwise. 
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Figure 1.7: Mean monthly distribution of global irradiance oil the earths surface 
averaged over tile duration of the sunshine. 
thermal loading on the appliance and consequently its energy consumptioni. 
When these greater energy requirements (estimated to be 30-60,7e, based on 30% 
per 5 'C air temperature increase' [Norgard, 1989; Malin et al., 1993; Boardman 
et al., 1997]) for DRA operation in and around the tropics are combined with the 
number of inhabitants in the developing world aspiring to acquire such devices (es- 
timated at circa four times the current number, see section 1.2.2 on page 8), tile 
total annual energy utilised for operating these devices could potentially increase by 
C7 3. an estimated (400 - 800) 0 
'For example at a solar radiosity of 200 W/m2 a 33 cm square portion of an appliance will be 
subjected to an additional 14-15W heat gains for the duration of the irradiation, assuming a surface 
absorptivity of, say, 0.7-0.8 (even for some white paints, see Incropera and DeWitt (1990), pp. 
735). 
'This estimate is conservative, as (a) the relationship between prime mover performance or 
compartment heat gain is not linear, (b) the defining tests do not attempt to simulate the utilisa- 
tion (food) loading and (c) the estimate does not consider the possibility of the appliance being 
in receipt of direct solar irradiation 
'This does not take into account air-conditioning requirements. 
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Figure 1.8: Annual inean Global irradiance on a horizontal place at the surface 
of the earth (W/m' averaged over 24 hours. ) source UK-ISES (1976). 
Tile OECD residential electricity consumption for 1994 was circa 2077TWh, with 
ati estimated 19% (cima 411 TWh) of this being used for DRA's. Not considering the 
effect of the, disparity in population (which as noted earlier, will serve to increase the 
electricity consumption values even further), the estimates for the DRA energy con- 
suniption would scale to cZ*rca (1644-3288) TWh/p. a. in a similarly-sized developed 
region. If the current UK trend in distribution and transmission losses is deemed 
representative of expectable losses of similar type' in tile distribution of electricity, 
this would add another 6% (see Figure 1.4 on page 7) to this value. Figure 1.9 on tile 
next page indicates the effect the ambient temperature can have oil daily electricity 
delmilid. 
These projected increases in energy consumption have, interalia, economic and 
eiivirminiental implications. In much of the developing/underdeveloped world, 
iii0ney is typically vei- 
,v 
scarce and financial economics dominates most other con- 
siderations 2. Unduly large refrigerating bills would place an unwarranted burden oil 
the individuals in those regions, with the knock-on effect of making refrigeration in 
'Again another conservative estimate, as the transmission distances, ambient temperatures and 
the gradient of the load curve (which all bear upon these losses) are probably on average less than 
can be expected in the larger tropical region. 
2 Probably with the exception of religious and cultural taboo's. 
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those areas prohibitively expensive to the greater proportion of the population. 
In addition to the 'local' or domestic economics, national economic consider- 
ations also play a role in the acquisition and effectiveness of refrigeration in the 
developing world. At present, in many developing/developed countries, energy is 
heavily subsidised (either as fuel or as electricity). Many governments of such coun- 
tries have huge financial debts and are under increasing pressure from their creditors 
and loan organisations to adopt 'Structural Adjustment Programmes' (SAP) before 
any further debt reschedulement can be effected or further loans procured. One 
criteria inherent in such SAP schemes is the requirement to reduce the amount of 
subsidy on energy (numbered amongst other non-essentials). This would further 
exacerbate the cost implications of appliance use. 
Even if the costs could be met by the appliance user, the requirement remains 
for the governments (typically responsible for power generation) to supply sufficient 
electricity to run such appliances. As the demand for electricity increases, so does 
the cost of subsidy and the need for capital expenditure on generating plants, thus 
tending to worsen the government's already weak financial position. It is not untyp- 
ical for electricity to be rationed (on whatever basis) when such situations arise (for 
whatever reason i. e. lack of funds and/or components to effect immediate repairs 
to broken-down generating sets, excessive demand etc. ). In some instances, several 
days may go by with some regions cut off from an electricity supply. Whilst this 
may, at worst, be a nuisance when one wants to watch television or to read, this is 
mild by comparison when the implications for food preservation are considered. 
From the perspective of the developing world, there is economic expediency in 
manufacturers ensuring from the outset, that DRA's are as efficient as possible 
to curtail energy consumption and thus running costs. 
Sillanpdd et al. (1996) note that the DRA's which are being pressed into service 
under a diversity of social and climatic conditions are increasingly similar. 
DRA's manufactured for temperate environments are currently routinely being 
exported to tropical (usually developing) countries for use. As such it is po- 
tentially of considerable benefit, to both manufacturer and consumer alike, 
to manufacture DRA's which are robust and relatively unaffected by lapses in 
energy input (or energetic penury). 
The benefits to the appliance user and governments are obvious; somewhat less 
obvious is the benefit to the manufacturer. However, the economic implications of 
these two criteria to manufacturers cannot be over-emphasised. Whereas DRA's have 
a life span of between 14 and 20 years [Burke, 1990; Boardman et al., 19971 in the 
developed world, similar appliances in the developing world would be kept in service 
for periods approaching twice as long. As such the tendency is to purchase, from 
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the outset, a reliable appliance. Typically, most individuals would ask around for 
what is considered to be the 'best buy' in the market. Considering the potential 
number of appliances that are to be sold, manufacturers cannot afford to have their 
brand names associated with high running costs and/or unreliability. 
1.3 The Environmental Consequences 
During the early 1950's, in the UK', for several winters, cities were continually 
en-shrouded in thick smog' resulting in inter alia, the loss of life as a direct conse- 
quence of environmental pollution. Environmental concern has, to varying extents, 
been close to the fore of government and individual agenda alike. In the US, since 
the late 1960's' [De Nevers, N. 
7 1994] there has also been increasing concern about 
the detrimental effect of man's impact on the environment. However, prior to the 
1980's the problem was conceived largely as local and efforts were concentrated on 
pollutants that were seen to have a direct bearing on the local environment. In 
the 1980's three phenomena relating to the remote effects of longer-lived pollutants 
came into prominence. Their perceived consequences were sufficiently serious as to 
alter the general perception of pollution and the manner in which it is dealt with. 
Ozone Layer Depletion In the late 1980's scientists discovered sharp discrepan- 
cies from the expected levels of ozone in the Ozonosphere 4 at various locations 
of the earth (notably, Antarctica). The evidence tended to suggest that in some 
areas there was a continuing cyclic depletion of the 'ozone layer', a phenomenon 
which has since come to be known as 'ozone layer depletion' and manifests as 
an increase in the intensity of (solar originating) electro-magnetic radiation 
reaching the earth's surface. The increasing levels of certain frequencies of 
this radiation, UV-A in particular [O'Neil, 1993], have been indicated in the 
increased incidence of malignant melanoma and ocular cataracts in regions 
of the world with marked ozone layer depletion [Thompson, 19841. Another 
consequence of these increased levels of short-wave electromagnetic radiation 
is the formation of low-level ozone (i. e. within circa 8 km of the atmosphere, 
technically known as the troposphere). This low-level ozone is toxic in volume 
1 The period from the late 1940's to the early 1950's was about the worst. Regulatory action 
by the UK government brought the era to an end. 
2 The cumulative effect of naturally occurring fog and a high density of particulates, typically 
soot, in the air. 
3 Prior to 1945, the major concern was in the control of industrial air pollution which was in 
response to nuisance damage suits (or threats of such). Between the mid 1940's and the late 1960's 
awareness of air pollution problems gradually increased. 
4 An expanse 15 to 30 kilometres in altitude, within the region known as the stratosphere. 
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quantities as small aI part per million (1 ppm-V)l [O'Neil, 1993, pp. 34]. Cur- 
rently, two main causative agents associated with this phenomenon have been 
identified as: Halocarbons, a principal raw material used in the manufacture 
of, inter alia, DRA's, and Nitrous Oxide, a byproduct from the combustion of 
fossil fuels for the production of electricity. 
Acid Rain First noticed in the 1950's, acid rain occurs when high levels of Oxides 
of Sulphur and Nitrogen are present in the atmosphere and are subsequently 
precipitated (as an aqueous solution) during rainfall [Harvey, 1980]. Acid rain 
has the propensity to devastate entire ecosystems, characteristically stripping 
vegetation 2, leading subsequently to acute soil erosion and making it impossi- 
ble for areas so affected to support animal life. Aquatic organisms are unlikely 
to survive for long in strongly acidic environments resulting from sustained 
acid rainfall. Indicated as perpetrating this phenomenon are oxides of Ni- 
trogen and Sulphur interalia. These are byproducts of the combustion of 
fossilised fuels for the production of electricity. 
The Green-House Effect The third phenomenon, which came to prominence in 
the 1980's, was the greenhouse effeCt3 . 
This relates to the increasing temper- 
ature of the atmosphere, due to the alteration of the thermal energy balance 
between the earth and the solar system. The phenomenon is so-named as its 
workings are very much the same as that of a green-house, whereby short-wave 
radiation (from the far infra-red through the visible and beyond) is admitted 
through a 'window' and the subsequent re-radiation of longer infrared radia- 
tion in inhibited by the same 'window'. Water vapour, carbon-dioxide, nitrous 
oxide and methane are listed amongst the principal green house gases (char- 
acterised by an index known as the Global Warming Potential UP). Of the 
proportion of these gases that are released into the atmosphere daily, a sig- 
nificant amount can be associated with either the collection or combustion of 
fossil fuels. 
From the foregoing, it is clear that the increasing production of electricity from 
the combustion of fossil fuels plays a major role in exacerbating the aforementioned 
conditions. In addition to this is the problem of 'localised thermal pollution', caused 
by the dumping of waste heat from power stations into surrounding lakes, streams 
etc. and from exhaust gases expelled into the atmosphere. Thermal pollution may 
have the effect of: increasing local summer-time temperatures (with local thermal 
'Human beings experience breathing difficulties at concentrations as low as 120 ppb-V. 
'More commonly referred to as "deforestation"; however the effects are not strictly confined to 
forests. 
I More commonly known as "global warming" 
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effects exacerbating things further), producing shorter winters and giving rise to the 
increased incidence of floods. 
If one primary function of DRA's is to improve the quality of life, then any per- 
ceived improvement (in the quality of life) in consequence of the use of these appli- 
ances should be placed in context within its overall impact. This must entail the 
environmental (and economic) impacts associated with the manufacture and use of 
such equipment'. From an environmental standpoint, it is clearly expedient to re- 
duce (if not totally eliminate) the efflux of agents causal to these phenomena. One 
manner in which this may be done is to alter or constrain processes which engender 
these agents. The reduction in electrical energy consumption could be beneficial, as 
would any reduction in the use of halocarbons. 
Research tends to indicate that the DRA sector provides one of the greatest av- 
enues for energy conservation when compared with other appliances in the domes- 
tic category [Boardman, 1995b; Geller, 1988; March Consulting Group, 1990]. This 
may be as much in consequence of the control regime under which these appliances 
typically operate (frequent on-off cycling) as the design and construction of the 
appliance and its constituent parts. 
1.4 Economic Considerations 
There is much to be said for the argument that an environmental impetus as a 
basis for curtailing energy consumption is the prerogative of the affluent [De Nevers, 
N. 7 1994], and that 
folk living on the poverty line, or thereabouts, are less likely 
to have environmental issues (or even the efficient operation of owned appliances 
[Boardman et al., 1997]2) in the fore of their minds. Indeed, research done by Board- 
man (1995a) indicates that there are several other reasons which might influence 
attitudes towards environmental issues, where the authors claim ... "Recent an- 
thropological research comparing cultural groups (in the West) which have strikingly 
different environmental relationships, suggests that it is possible to pinpoint some 
of the most influential factors in the formation of differing levels of environmental 
concern. In very general terms, these include factors such as: 
Process socialisation (sources of environmental knowledge and values) 
Type/stability of tenure and continuity of residence. 
9 Level of commitment to the local environment. 
'This is the essence of the so-called Taguchi definition of quality viz the 'cradle-to-grave' losses 
a product causes society [Sudhakar, 1995]. 
2 The mentality being, so long as it 'works' 
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* Local community involvement. 
9 Religious or moral beliefs, concepts of environmental responsibility. 
* World views and concepts of nature. 
* Personal values and aspirations. 
General knowledge and perception of environmental issues. 
o Understanding of technical and cost-related aspects of energy use. 
* Household decision-making and social dynamics. 
21 
... There is no saying which would prove to be the most influential". They further 
go on to stress that the list is "not in any particular order". However there are 
also salient economic/fiscal reasons for doing so (i. e. curtailing appliance energy 
consumption), which may be broadly categorised into the following perspectives: 
Consumer This refers to the additional cost to the consumer for the use of ineffi- 
cient DRA's. It may be argued that to the consumer the saved cost represents 
too small a saving. That, however, has to be placed in the context of the par- 
ticular circumstances of the consumer' and to real estate managers/owners 
the difference might be considerable taken over blocks of apartments, or on 
housing estates. 
Utilities Supplier This is the cost to the utilities supplier, in transmission losses, 
fuel costs, early project commission, logistics etc. for the consumers' use of 
inefficient equipment. Analysis has shown that, as a result of the framework 
of the current legislation in the US, the most profitable (techno-economic) 
approach to supply may not necessarily be increased sales. In the light of that 
analysis, a certain method was developed by the utilities, known as 'Demand 
Side Management' (DSM), purposely for the examination of the logistics of 
differing energy distribution scenario's and to provide the capacity to inform 
profitably as to the 'Least Cost Option' (LCO) on decision-making in energy 
supply management. Some precepts of which are brought to bear in the present 
work, see Chapter 2 on page 39. 
National This cost is associated with either the purchase of fuel or the loss of po- 
tential revenue by the consumption of otherwise salable fuel. In some instances 
as much as 6% (section 1.2.1 on page 3) of the total energy consumption is 
'To one for whom every penny counts, no saving is insignificant. 
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expended on domestic refrigeration appliances. If this proportion is reduced 
by 1%, irrespective of increasing appliance purchase, the monetary., amongst 
other, savings would be considerable. In fact it is, economically, most expe- 
dient on a national level to cut back on energy consumption for reasons of 
energy security/stability. This need for energy resource conservation is as true 
for energy-export dependent countries (generating revenue from energy/fuel 
sales), as it is for energy-import dependent nations, particularly in the light 
of the energy crises of the 1970's. 
1.5 Socio-Political Considerations 
There is increasing pressure on governments (from within and without) to effect 
regulatory instruments to 'manage the environmental impacts' of interalia energy 
consumption within their jurisdictions. In recent years, induced by the possible 
imminence of a global ecological crisis, countries the world over have reached a 
common consent regarding the need to control the processes which directly, or in- 
directly, negatively impact on the environment. As a result of this, there has been 
much governmental activity in several countries in a bid to concur with standards set 
internationally (and in some cases internally e. g. California, Florida, Massachusetts 
etc. in the US [Mansouri-Azar, 1996; Geller, 1995] and more recently within the EU, 
the 'Dutch Notification' [Waide, 1993]) for the control of processes and the efflux of 
substances which 'adversely affect the environment'. 
It is difficult to reach and regularly revise such inter-community agreements and 
very often impasses are reached. In order for potential signatories to reach a common 
consent there is a need to fulfil the following requirements: 
1. Agree on the imminence, existence or persistence of a problem. 
2. Be informed of the facts about the causative factors (primary and secondary) 
of the problem, in this case pollution. 
3. Determine the level of each activity which engenders or constitutes pollution 
to the environment and their interrelation to each other. 
4. Determine how best to curtail the agents of the pollutant in the light of- 
9 The economic impact of the aforesaid changes. 
9 The social impact of same changes. 
5. Determine the best instruments by which to institute regulatory mechanisms; 
this typically comes under two categories: 
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Economic/fiscal instruments: 
The relevant governing/legislative body attaches some punitive economic 
cost to the efflux of pollutants e. g. carbon taxes or pollution licenses. 
Another variation on this theme is the so-called LCO, where initial li- 
censes are issued (possibly gratis) on the understanding that prior to any 
increase in quota there is a requirement to demonstrate that all other 
economic avenues have been exhausted. 
Regulatory instruments: 
The relevant governing/legislative body stipulates maximum levels of pol- 
lutant discharge. This is subject to the feasibility of the current scien- 
tific/technical know-how to satisfy said constraints. In situations where 
the technology is mutative, it may be expedient to motivate the industry 
to set standards. 
6. Determine a manner by which to enforce whatever regulations are passed into 
law in effecting the change. 
7. Determine a manner in which to address breaches. 
8. Determine a review protocol by which to revise the standards. 
The nett effect of this is that the legislation, where reached, may be late and/or con- 
sidered inadequate (compromised so as to foster group consensus) by participating 
parties or obsolescent in view of advances in the various technologies [Waide, 1993]. 
In spite of this, progress was made as far back as 1968-1970 in America, when the Na- 
tional Environmental Policy and the Clean air Acts were respectively passed into law. 
Since circa 1973, the European Council (the then EC, currently the European Union 
EU) has pursued an energy efficiency programme. It currently categorises its activ- 
ities into [Mansouri-Azar, 1996]: W support for basic Research and Development 
(R & D) in energy efficiency through the JOULE programme, (i i) support for demon- 
stration of energy efficient technologies through the THERMIE programme, (iii) im- 
proving the efficiency of electricity use through the PACE programme (1989) and (W 
an energy efficiency policy programme, SAVE which espouses legislative, pilot project 
and disserninative instruments. Other national laws and inter-national/continental 
acts and treaties have also been ratified, for instance the 1987 Montreal Protocol 7 
which committed signatories to a 50% reduction of the 1986 production of CFC's 
by the year 1998 [Pickering and Owen, 1994; Her Majesty's Government, 19901 and 
Agenda 21 of the Rio conference on sustainable development [Anon, 1992; UN, 1993; 
Grubb, 1993]. More recently, there has been the Tokyo and Kyoto conferences which 
further pressed for targets on carbon dioxide emissions and vegetation conservation 
amongst others. 
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Enforcement is typically by the imposition of punitive fines and/or taxes and, 
there are constant efforts to continually revise the standards with stringency'. Many 
of these standards stipulate minimum emissions levels for perceived pollutants such 
as Carbon-dioxide, and also to maximise energy use (particularly electricity gener- 
ation), much of which are relevant (directly or indirectly) to DRA's. 
1.6 Regulatory Activities 
Prior to 1975 there was very little by way of R&D or 'policy initiatives' to 
promote energy efficiency improvements for domestic appliances, particularly in 
the UK. This is evident when comparing the energy consumption per unit volume 
of models available in the UK with that of models available elsewhere in Europe 
[March Consulting Group, 19901. As part of an energy review series, the UK Depart- 
ment of Energy (UK-DoE) commissioned work (op. cit. ) into the energy efficiency of 
appliances. The results suggest that the energy utilisation efficiency of the average 
appliance has improved since 1975. One major UK manufacturer interviewed for 
the purpose of that review claimed it had achieved a 15% and 30% improvement in 
the energy efficiencies of its refrigerators and freezers respectively. The UK Associ- 
ation of Manufacturers of Domestic Electric Appliances, AMEDEA, catalogue a table 
of improvements for freezing/refrigerating appliances ibid. However, these modest 
improvements pale in the face of those claimed elsewhere. The UK-DoE (op. cit. ), 
by way of comparison, stated that the specific energy consumption of larder refrig- 
erators has improved by 57% in Denmark and by 70% in Germany, respective to 
the 14 and 13 years leading up to 1989. Geller(1995) reports a 62% decrease in 
appliance energy consumption in the 12 years running up to 1994 in US appliances 
(about 1725kWh per year in 1972 to about 635kWh in 1994)2 . Between 1975 and 
1982 the yearly improvement in the US was between 4 and 5% but, between 1982 
and 1986 the improvement fell to 2% [Geller, 1988]. While these represent the mea- 
sured consumption figures based on test standards, due to the diversity in cultures, 
use practices, climates etc., care must be taken in equating these figures to insitu 
utilisation /consumption figures and using that as a basis for energy consumption 
comparison between countries [Mansouri-Azar, 1996; Sillanpdd et al., 19961 
I As the last two conferences have highlighted, it is becoming increasingly difficult to reach 
agreements. 
2jt is of particular note that the comparative figures given in the study do not appear have a 
similar basis to facilitate comparison. No indication is given as to whether the figures represent 
average values, typical values or illustrative ones. Moreover, there is no indication as whether the 
appliances tested are those tested on-site or if they were stock appliances. 
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DRA's were developed as technologies became available and, as such, improve- 
ments/ upgrades have typically been made as changes to existing models with the 
basic design remaining largely unaltered'. The current DRA technology is relatively 
mature [March Consulting Group, 1990]. At first glance, one could be excused for 
assuming that they are all made by the same manufacturer, possessing very similar 
geometries, colour, with fairly standard shapes and parts located at similar loca- 
tions within the appliance. The compressors are almost invariably of the hermetic 
type, there are small variations in the condensing and evaporating heat exchangers 
across manufacturers, but these are relatively minor. In fact, the similarities are 
such that the UK Consumers' Association (1982), claimed that greater variations are 
likely to occur between products of the same manufacturer than between similar 
products across manufacturers, one consequence of this being that the industry, 
characteristically oligopolic [Bianchi and Forlai, 1988], is fairly resilient to change. 
Legislation 
Legislation with respect to energy performance began in California in 1974, with 
the adoption of the Warren-Alquist Act. Between 1977 and 1979, the state of Cali- 
fornia imposed initial standards on 15 different domestic appliances. The standards 
were revised consistently throughout the early 1980's. Other states, Florida, New 
York, Connecticut and Massachusetts, adopted similar legislation in the same peri- 
ods. Initial attempts at establishing a national US standard began in the early 1970's 
and the Energy Policy and Conservation Act of 1975 called for the setting of appli- 
ance efficiency targets. The National Energy Policy Act NEPCA of 1978 directed the 
US-DoE to develop mandatory efficiency standards for 13 classes of DRA's. However, 
the US-DoE never completed the standards proposition it began in 1980. Finally, 
standards were adopted by the US federal government in 1987, under the National 
Appliance Energy Conservation Act (NACECA) establishing minimum efficiency stan- 
dards for home appliances. The adoption of the standards was consequent to the 
Montreal Protocol and the move was driven principally by impetus from appliance 
manufacturers (due to differing legislation across different states), environmental and 
conservation groups and the electric utilities [Turiel and Levine, 1989; Geller, 1995]. 
The standards for DRA's came into force on the P` of January 19902 . Typically these 
standards required a 10-30% reduction in the energy consumption of new appliances 
over the 1987 average equivalent-capacity appliance. Inherent in these standards are 
legal requirements and deadlines for updating the initial standards by the US-DoE 
[Geller, 1995]. 
'See Atwood (1991) and Nagengast (1996,1997,1998) for interesting accounts on the history 
and evolution of the refrigeration systems. 
2 While those for air conditioning equipment took effect from 1" January 1992. 
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In 1989, the EU adopted the PACE programme, an action plan for the efficient use 
of energy, which included initiatives such as energy labelling and the introduction 
of energy efficiency standards for household appliances [Mansouri-Azar, 199611. In 
1991, the French Agency for the Environment and Energy Management (ADEME, for- 
merly AFME) performed an analysis for the Directorate General for Energy (DGXVII) 
of the commission of the European Community. The study estimated the electric- 
ity savings that would result from the energy efficiency standard for five residential 
appliances and concluded that the greatest savings would result from implement- 
ing the standards for cold appliances. Consequently, ADEME and the EU focused on 
developing standards for these equipments [Lebot and Szabo, 1992]. 
The initial draft standards for cold appliances were published in 1993 and they 
came into force in 1997. The proposed standards were intended to reduce the elec- 
tricity consumed by the stock of new models by 10% from the average consumption 
of all models sold in 1992. The standard further stipulated a figure of 15% within 
three years of adoption. In the light of severe criticism of the standards and the need 
to have them tightened [Waide, 1993; Mansouri-Azar, 1996], the European parlia- 
ment voted in a plenary session of the 26" of October 1995 to tighten the energy 
standards for DRA's to 20% within the two years immediately subsequent to the 
adoption of the standard. Pursuant to that, the Parliament voted that 'phase IF 
should be within the current directive, stipulating a 40% target within 5 years. The 
final position, adopted on March the 11" 1996 [EU, 1996], stipulates that the energy 
consumption of DRA's should be expressed in kWh/24hrs. It recognises some factors 
upon which this consumption would depend and, as such, categorises DRA's into 10 
different typeS2 . Based on a series of appliance criteria 
(geographic location, vol- 
ume, evaporator operation, design temperature) it also explicitly defines equations 
to compute the maximum permissible energy consumption over 24 hour periods 
[Waide, 1993]. Other forms of legislation also exist which have an indirect bearing 
on DRA production such as those to do with CFC emissions etc. 
Mandatory standards have faced opposition from, in Europe, the European 
Committee of Manufacturers of Electrical Equipment (CECED) [Service, 1996] and 
in America, initially by the Reagan administration and then by appliance manu- 
facturers [Mansouri-Azar, 1996; Geller, 1995]. More recently however, the utilities 
have increasingly begun to embrace the idea, notably in Germany [Herring, 1994] 
and largely due to these standards, there have been major improvements in the 
energy efficiency of DRA's in the USA and in the EC over the past twenty years. In 
addition to these standards, there have been policy initiatives to induce appliance 
'Awareness of the need for an effective energy labelling goes as far back as (1979) there were 
calls within the EC for a voluntary appliance labelling scheme which went as far as indicating what 
appliances to label see EC (1979). 
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manufacturers to increase their R&D activities. Typically. these have included, the 
keeping of databases of appliance data (including energy consumptions), and mak- 
ing the information public via advertisements, competitions [Mansouri-Azar, 1996] 
and government research contracts etc. 
1.6.2 Programmes 
In 1986 the Directorate-General Science, Research and Development (DGXII) of 
the Commission of European Communities (EC) issued a contract into the research 
and development of Energy Efficient Electrical Household Appliances'. The first 
stage of the contract was to build a prototype of a 200 litre, low-energy refrigerator 
utilising 20% of the electricity of a similar 1975 model [Guldbrandsen et al., 1986]. 
The result was, the so called LER, a 200 litre 102 kWh p. a- (279.5 Wh per day) refrig- 
erator; 2 even now a decade later, fridge-freezer (adjusted) standards do not require 
that level of performance. 
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Figure 1.10: Changes in 'modal'DRA requirements in the UK taken from [Board- 
man et al., 1997] 
'The contract, in three stages, was issued to the Technical University of Denmark. 
2 This can be adjusted to 137.7kWh and 377Wh to conform to the US (AHAM-HRF-1), Canadian 
(CAN/CSA-C300-M89) and the Australian/New Zealand (AS 2575.2-1989) standards, as the tests 
were performed in Europe in a 25 'C environment (internal temperature 5" C) according to the 
ISM 824 (19), DIN 8950 (8) standards, as opposed to the 32 *C environment (internal tem- 
perature 3.3 *C) stipulated by those standards; see [Buhl-Pedersen et al., 1993, PP. 20-22] for a 
synopsis and critique of the current (EN-153) EU-recommended standard procedure. 
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In the USA, some programmes targeted incentives to spur the development and 
market acceptance of equipment substantially more efficient than the best units 
presently on the market. One such programme, the Super Efficient Refrigeration 
Program, SERP, was jointly developed by a group of electric utilities, public interest 
organisations and government agencies [Nadel, 1994]. Based on the research com- 
pleted by the United States Department of Energy US-DoE, in 1989 and the United 
States Environmental Protection Agency, US-EPA, in 1992, the consortium was of 
the belief that refrigerators/freezers could be developed that used at least 25% less 
energy than the 1993 Federal Government minimum efficiency standards. In July 
1992, manufacturers were invited to compete in a US$30 million prize' (raised from 
24 participating utilities), to develop such a unit. Limitations were placed on the 
CFC use. According to the submitted bids, in October 1992, these savings were to be 
achieved through use of high-efficiency compressors, better insulation, an improved 
condenser fan motor and adaptive defrost control [Waide, 1993; Nadel, 1994]2. 
Particularly in the US, several utility-initiated schemes have arisen to stimulate 
energy efficiency on the part of their customers, the so-called "Utilities Incentive 
Programmes". These have included rebates and low-interest loans for the pur- 
chase or implementation of more energy-efficient appliances or measures. While 
these programs inadvertently complement the minimum efficiency standards, their 
rasiond'etre has little environmental basis: they were initiated to reduce peak de- 
mand (and transmission) losses and consequently the need for new generating capac- 
ity, curtailing or delaying new capital project expenditure [Geller, 1988]. Currently 
in the UK the "price setting formula" for the supply of electricity permits only the 
cost of electricity supplied to be passed on to the customer. This does not pro- 
vide any real incentives to the utilities to effect such 'Utilities Incentive Schemes'. 
One 1986 survey indicates more than 50% of US households were served by utilities 
offering such schemes. While the extent to which these utility programmes affect 
appliance manufacturers is uncertain, there is evidence to suggest that in regions 
where such programs are in effect, higher efficiency appliances tend to dominate 
the markets ibid. The basic idea of utilities being responsible for inducing energy- 
efficiency improvements has further been extended to what is now known as Least 
Cost Utility Planning (LCUP). This integrates demand side and supply side planning 
into a framework seeking to provide resources at the lowest possible price, consistent 
with lower consumption. Other such utility schemes which place the onus on their 
customers to limit their energy consumption exist in Europe. Such schemes include, 
imposing punitive peak-time tariffs on consumption and/or limiting consumption 
'Also known as the golden carrot scheme. 
'The competition was won by Electrolux and payment continent upon a (market) delivery 
milestone basis. Since then not much has taken place in the same manner or scale. 
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Figure 1.11: Effect of energy labelling on DRA's source [Boardman et al., 1997] 
to a fixed prearranged quota. 
1.6.3 Information Dissemination 
Another strategy, arguably the inost efficient, for effecting a conscientious energy 
conservation policy is to educate and inforill the general public as to the econoinic 
and environmental iniplications of their decisions. It is with this in inind that the 
EU energy labelling scheine for DRA's has been implemented. 
This has inet with varying degrees of success [. Mansouri-Azar, 1996; Boardinall 
et al, 199 7] depending oil the energy/ environinental/ ecoiloinic Consciousness of the 
country in question. In some countries, for instance Germany, there is the additional 
industrial impetus, apart froin legislature and policies, of inarket share ecolionlics 
to improve standards so as to woo buyers. The situation is not quite so everywhere. 
Herring (1994) claimed "... that the lack of an effective labelling scheme in the UK 
leads to tile -dimiping' of overseas inefficient models. ---" and that there -, N, as no 
consistent correlation between cost and efficiency (see Figure 1.12 oil tile following 
page). a point inade elsewhere in the literature [Mailsouri-Azar. 1996: Boardinan 
et al., 1997]. 
Usually. inore efficient niodels do not cost more than their inefficient counterparts 
but, in instances where they do. the pay-back period is in the region of (2 - 4) years 
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Figure 1.12: The relation between price and performance in Larder Refrigera- 
tors [Herring, 1994] 
[Burke, 1990; Mansouri-Azar, 1996]. This is as a consequence of the least efficient 
models consuming about twice as much energy as the most efficient models, in all 
categories. In most cases the consumer need not pay more (and if not so, then 
only marginally' more) to reap substantial savings'. Thus, consumers can obtain 
the cost benefits of the lower energy consumption, 'for free', through the judicious 
use of energy labels. The role of retail staff is important as many cold appliances 
are 'distress' purchases, bought when the old machine has broken down [Boardman 
et al. op. cit. ]. 
In a paper published by the ACEEE [Burke, 1990], the authors highlight the false 
economy of purchasing energy-inefficient devices, contrasting the overall cost of 
ownership of energy-efficient devices with that of the less energy conscious ones. 
They hold that the cost of running a DRA for the 15-20 years it is typically owned, 
is in the region of three times the capital outlay. 
Herring (1994), tabulates and compares a list of refrigerators on sale in Germany 
and in the UK. In all cases, the Specific Energy Consumptions, SEC, for the German 
fridges were lower than those of their UK counterparts (even in cases where the UK 
'Less than 10%. 
'Sufficient to recover any expense over the cost of less efficient machines (if any) and a percentage 
saving on the 'normal' bill depending on the model. 
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Figure 1.13: The rehition between capacity and performance in Fridge Freezers, 
[Herring, 1994] 
appliaiwes were larger and lience should be more energy efficient per unit volume. 
see Figure 1.12 on the page before). The author cites the willingness of the populace 
to bu 
'y inore efficient appliance models 
(even at a slightlY higher cost) and Hic readY 
availability of the information to facilitate their doing so, as the reason for the higher 
efficiew-ies in German DRA models. Attesting to this, he claims, is that there Nvere 
simplY no UK brands available in Germany for these reasons at the time. 
1.7 Utilisation Considerations 
(Aistoiiier attitude influences the 'quality' of the products on sale. as manufactur- 
ers to be well attuned to consumer preferences. If consumers do not consider 
eiwi-gy, environmental or running costs to be as important, then manufacturers will 
pay little attention to these issues. If, conversely, these issues are seen as it prior- 
ity, Hicy will become a priority in product development [Boardman, 19951)]. Two 
ilhistrative cases will serve the point: 
The first is t lie change in the , 4tattis quo with regard to the dominant type of DRA 
on the market. For most of the 1970's larder refrigerators were preponderant. 
If a freezing facility was required, a separate freezer was purchased. In the 
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1980's fridge-freezers began to increase in popularity, mainly because of the 
convenience they afforded at a much smaller price and space requirement, 
when compared with (two) separate fridge and freezer units. By the 1990's 
fridge-freezers were the fastest-selling DRA's on the market. 
1970 1980 1990 1995 
Fridge-freezers 0 19 51 58 
Refrigerators 58 72 52 46 
Chest Freezers 3 16 16 16 
Upright Freezers 0.5 11 21 22 
Table IA: Ownership of Appliances in the UK 1970-1975 by % of house holds. 
Source [Boardman, 1995b] 
Initially, freezing compartments in fridge-freezers were small (which was the 
initial selling point, 'Why buy a large freezer when you only need very little 
freezing space each week? ') and with the increasing demand for larger frozen 
space storage, the size of the freezing compartment increased. Today, it is not 
uncommon to see models with fridge and freezer compartments of similar sizes. 
Whereas, for aesthetic, space, economic etc. reasons the concept seems very 
appealing (a two in one at half the price and utilising only half the floor space! ) 
the energy implications are less so. From a thermodynamic standpoint, it is 
inefficient to create a +5 'C environment from a cycle reaching -20 'C or lower. 
From a thermal design perspective, it is a near disaster': 
If one evaporator serves both fridge and freezer the evaporator will be 
subject to moisture from both. Since the refrigerator door is opened 
more frequently than the door in the freezer, the frost built-up on the 
evaporating surface (designed to cater for the freezer load) will typically 
be more than 10 times thicker than for a dedicated freezer [Norgard, 1989]. 
2. Defrosting a refrigerator requires very little or no extra energy input, 
normally occurring spontaneously between prime-mover runs; the freezer 
on the other hand is a different matter. What would be required would 
be to have two different cycles, which would defeat the cost-reduction 
objective. A single compressor can be used if it is specially wound for 
different speeds; however, the lubricating mechanisms may also have to 
be redesigned [Guldbrandsen et al., 1986]. 
'More recent research into temperature-glide refrigerants (i. e. the technique of blending immis- 
cible refrigerants to obtain a refrigerant with more than one phase transition temperature. ) may 
offer a more efficient way of designing such systems. 
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3. Well-designed freezers require much more insulation than similarly-sized 
refrigerators. In hybrid (fridge-freezer) designs, due to the disparity in 
the respective compartment temperatures and thus insulation require- 
ments, the insulation thickness for both adjoining compartments should 
be the minimum required for the coldest compartment. However, im- 
plementing this would reduce the amount of refrigerator space for given 
external dimensions (and increase the cost) which serves to in some way 
defeat the space-saving objective and, therefore, some compromise is in- 
variably reached. The nett result is that fridge-freezers consume more 
energy than either fridges or freezers of similar capacity [Norgard, 1989; 
Boardman et al., 1997], see also Figure 1.3 on page 7. 
The second case is to do with the number of features added to DRA's'. Exam- 
ples of such are different temperature cabinets, automatic defrosting mecha- 
nisms (typically utilising heaters) etc. Many of these features actually place 
an extra energy overhead on the system and the resultant effect is that ap- 
pliances boasting these features are less energy efficient (with respect to the 
basic task) than their non-sophisticated counterparts. Also, along with the 
greater multiplicity (and usually complexity) comes a higher risk of break- 
down/ malfunctioning due to component failure [Malin et al., 1993] 
Space and the way it is perceived would always play a key role in determining 
the manner in which DRA's evolve. As noted earlier, it affects the design of these 
appliances. Space considerations can seriously affect the manner in which DRA's 
operate insitu. According to a paper published on the basis of feasibility research 
carried out by the Work Efficiency Institute (TTS) in Finland [Sillanpiiii et al., 19961, 
the manner in which a DRA is located during utilisation can significantly compromise 
its performance when compared to results obtained under test conditions. Often 
during standard tests, the laboratory environment is carefully controlled. In reality, 
however, the manner and location in which a device is used can significantly differ 
from the control or intended. The authors cite three cases: 
The design of the casing around a DRA in a fitted kitchen, can increase en- 
ergy consumption by up to 90% due to air flow restriction [Malin et al., 1993; 
Sillanpdd et al., 1996]. 
Where the external air circulation path around a refrigerator' is blocked 
(wholly or partially), a 10-160% increase in the energy consumption of the 
appliance results (in one case, circa 60-950 kWh/p. a. ) op. cit. 
"Features' here refers to any addition to the basic DRA design which is not necessary for proper 
operation, including devices that are perceived to enhance the performance of the system. 
2 Particularly around the prime-mover. 
PhD Thesis 0 1999 Cranfield Universitij -Refrigeration 
Appliances: Performance enhancements via novel Thermal 
- 
Energy Storage- 
1.8 Aims and Objectives 34 
The location of a heat dissipating device (e. g. a cooker or dishwasher) im- 
mediately adjacent to a refrigerator. This caused an increase of between 12 
and 22% in the energy consumption of the refrigerator when the devices were 
operating simultaneously op. cit. 
According to Sillanpdd (1997) such practices are rife in many Scandinavian countries 
where space is at a premium. As there are no standards, or even guidelines in 
many cases, to the location of these appliances during installation, they are simply 
located contingent on space availability, aesthetics e. g. in some cases the nearest 
work top is not in the immediate vicinity of the DRA and hence the doors are left 
open while items are ferried across to a convenient place. Norgard (1989) states that 
" 'future use-behavioural patterns' will play a key role in determining the energy 
trends in DRA's". The phrase 'future use-behavioural patterns' not only encompasses 
customers attitudes' to each new feature (on whatever basis it is assessed) but, also 
includes the way in which the appliances are installed and used. Apart from the 
energy implications of poor practices in appliance usage there may also be a possible 
decrease in appliance life. 
1.8 Aims and Objectives 
From the foregoing it is clear that if the current spate of environmental con- 
cerns, legislation and energy consequences are to be addressed in the light of an 
expanding world population and rapidly increasing DRA use, research should be un- 
dertaken into these appliances. According to Guldbrandsen et al. (1986), even taking 
cognisance of the usual discrepancies that exist between theoretical' and techno- 
economic limits, in terms of energy efficiency there is, as yet, no indication that this 
techno-economic limit has been reached. The average annual consumption (for a 
200 litre DRA) now in the EU lies between 280-301 kWh/p. a. but a low energy proto- 
type constructed at the Technical University of Denmark [Guldbrandsen et al., 19861 
consumed only 82 kWh/p. a., while prototypes in the USA have reached 50 kWh/p. a. 
[Boardman, 1995b]. However, according to Geller (1988), most of the major improve- 
ments have been made, and what may be needed in the near future is a more radical 
approach to appliance design. 
The research presented herein focuses on DRA's, and in bringing a radical ap- 
proach to appliance design has three principal objectives: 
1. The utilisation of energy storage to provide an effective method for decoupling 
energy demand from supply in DRA's. 
'The author states that this is circa 13 kWh/p. a., but does not specify for what kind of refrig- 
erator this applies or, how these values came about. 
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2. The utilisation of thermal energy storage to enhance temperature stability 
within working DRA's. 
3. To investigate the influence of such storage (particularly thermal energy stor- 
age) on the energy consumption of DRA's and thus devise a method of effecting 
the reduction of said consumption, utilising of energy storage technologies to 
enable the management of the prime mover energy conversion regimes. 
The main advantages of doing this are to: 
Provide an avenue for achieving sustained performance and thermal stability 
in DRA's, particularly in regions of the world where the electricity supply is 
infrequent (or dependent on a diurnal weather resource e. g. the sun), also 
taking into account the possibility of periods of inclement weather and thus 
energy dearths. This is of importance in, interalia, food preservation and 
health care delivery to remote areas in the developing world, where there is 
a need to maintain closely controlled temperatures e. g. for vaccines, cultures 
etc. 
Facilitate economic utilisation of DRA's in regions of the developed world where 
there are temporal and/or capacity tariff dependencies, particularly with the 
existence of punitive peak-time electricity tariffs. 
Utilise prime-mover dependence on diurnal ambient air temperature changes 
in order to maximise effective energy use in DRA's. 
This research aims to provide a technical instrument to facilitate the intelligent 
control of DRA's on an economic and/or energetic basis and in conjunction, to evolve 
a strategy for the optimal use of energy in DRA's, irrespective of appliance design or 
constituent component efficiencies. 
1.9 Closure 
Currently, in the UK, the purchase of domestic electricity can be made option- 
ally from a single or dual, 'Economy 7' tier-tariff system. The 1989 Electricity Act 
[Her Majesty's Government, 1990; Mansouri-Azar, 1996] paved the way for deregu- 
lation of the Electricity Supply Industry (ESI) due to come into effect in 1998/9. 
With deregulation, it is envisaged that much more complex billing arrangements will 
become available with utilities vying for larger market shares and at the same time 
seeking avenues for minimising their aggregate peak demands. One manner by which 
the latter may be addressed is, from current experience, to associate higher tariffs 
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with peak demand periods. At present there are several commercially-available 
gadgets for harnessing the cost benefit of the lower night-time tariff on the 'econ- 
omy 7' scheme for central heating. However, currently there is no corresponding 
(commonplace) tool for load control (load spreading, shifting etc. ) in DRA's'. Whilst 
the loss of this benefit (which may well increase with deregulation), due to a lack 
of effective load spreading, is a nuisance in the developed world, such a mechanism 
is an absolute necessity in developing countries with infrequent energy/electricity 
supply or in applications where energy is not constantly available. 
The consensus in the literature is that the greatest proportion of the DRA load 
is due to heat gains through the compartment walls. The rate of heat ingress is a 
strong function of the ambient temperature. There is evidence to suggest that an 
energy-consumption efficiency' change of as much as a 30% can be attributed to a 
VC change in ambient temperatures, cf., section 1.2.2 on page 8. The implication 
of this for temperate regions of the world is the existence of higher summer-time 
DRA electricity consumption and thus bills, cf. - Figure 1.6 on page 13, a situation 
which may well be exacerbated with increased global warming, see Figure 1.9 on 
page 16. 
In countries where storage heaters are used during the winter, e. g. the UK, there 
is a dip in the summer night-time demand due to the absence of storage heat- 
ing requirements. The use of a similar load control mechanism in DRA's could af- 
ford 'storage cooling' whenever appropriate. Used during the summer night-time, 
such a mechanism could assist in redressing the imbalance in the summer day- and 
night-time energy consumption, as well as provide a means for more energy-efficient 
cooling, given that DRA prime-movers perform better in the cooler night-time tem- 
peratures. 
As the the bulk of DRA manufacture is increasingly targeted for the non-saturated 
markets of the developing world, where compared to the saturated markets of the de- 
veloped world higher ambient temperatures exist and electricity supply is infrequent; 
these two criteria will become major design factors for future research. The current 
work is set out in a bid to initiate this new (load and energy-availability orientated) 
approach to DRA design and to address the issue of load spreading; concomitantly 
revisiting energy conservation in DRA's. Thus, it is relevant to, the tightening EC 
legislation [EU, 1996, article 8] on DRA's and the possible implications of impending 
electricity deregulation in the UK. With reference to these issues, it is also timely, 
occurring within three years of both events. 
The research also has important implications: 
'Extensible to include of air conditioners and generalised to be irrespective of scale. 
2Here, the term efficiency applies to that fraction of the energy consumption which is used 
specifically for load-cooling purposes. 
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1. In applications with rigorous thermal control requirements. 
2. Where the concern for thermal control within meagre/modest energy budgets, 
dictate expedient energy consumption. 
3. In areas where intermittent energy supplies threaten to compromise thermal 
energy applications e. g. DRA's in developing countries, WHO rural area immuni- 
sation programmes, mobile and recreational applications etc. 
4. In areas where temporal phase-shifts exists between thermal (coolth) energy 
requirements and energy supply e. g. in solar or wind applications. 
5. In environments where the economic or other incentives/penalties are in place 
for the consumption of electricity at given periods of the daily energy demand 
cycle. 
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Whatever you do will be insignificant; however it is important that you do it 
39 
-Mahatma Ghandi 
Introduction 
This chapter deals with concepts central to the current research. It begins with 
the more general theme of energy management and goes on to address the partic- 
ular case of DRA's. The chapter also deals with different heat transfer phenomena 
which may be exploited in the quest for better efficiency in DRA's. Where possible, 
theoretical bases for assertions made in this regard are presented and/or discussed. 
2.1 Demand Side Management 
In order to effectively address the problem of improving energy use performance' 
in DRA's, the issue must be set against the wider picture of the totality of energy use 
in domestic appliances. This entails technical, social, environmental, economic and 
'The issue of service delivery will be addressed later. 
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psychological aspects which can be categorised within supply/supplier (utilities and 
manufacturers) and demand (end-user) contexts. In reality the 'coupling' between 
these factors is tight, each one bearing upon the other. In tackling the problem of 
energy-use optimisation it is necessary to assess, characterise and thus understand 
these interdependencies within the general picture. 
A managerial technique, known as Demand Side Management (DSM), was devel- 
oped in the USA in the 1970's [Duguid and Mee, 1994] for assessing and optimising 
the use of energy. It was developed primarily for economic reasons but, of recent, it is 
being implemented more frequently for environmental ones [Redford and Fry, 19931. 
DSM was developed in order to cope with the increasing disparity between the 
daily maximum and minimum electricity demand. Historically the variability in the 
electricity-demand cycle became a major concern to the utility companies (in the 
US) in the 1960's and 1970's with the proliferation of, inter alia, heat pumps for 
air conditioning and food preservation in society. The response to the increasing 
variation between peak and off-peak electricity demand had been the procurement 
of greater generating capacity' simply to cater for the peak demand. This resulted in 
an excess in generating capacity for long periods of the daily energy demand cycle. 
The economic ramifications of this were becoming more and more unsatisfactory 
as the maximum daily demand increased, demanding greater capital expenditure 
for plant expansion. With increasing pressure (from shareholders etc. ) to recoup 
capital expenditure over the shortest possible time (i. e. Pay Back Period, PBP) and 
for maximum profitability, the utilities were faced with two principal options: 
1. To increase the unit price of electricity. This would have a detrimental eco- 
nomic effect, particularly in regions where several operators compete within 
the same market and/or, possible legal implications where electricity prices 
are set by some government regulatory body. 
2. To seek avenues by which the end-users may be cajoled or compelled to alter 
their energy-use habits in a manner as to alter their energy demand profiles. 
The second alternative was considered the better option and it was in the search 
for an effective method to implement the strategy that the concept of DSM emerged. 
DSM, as a concept, was first implemented within the (USA) Electric Power Research 
Institute (EPRI), where it was defined as: 'The planning, implementation and mon- 
itoring of utility activities designed to influence customer use of electricity in ways 
that will produce desired changes in load-shape' [Redford and Fry, 1993]. It can 
be used as the major tool in a Least Cost Utility Planning (LCUP) strategy for de- 
termining the Least Cost Option (LCO), for the supply of utilities, in general. It is 
'More and larger plants. 
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important to note that the emphasis is on altering the load-shape and not neces- 
sarily on total demand reduction'. 
The basic idea is to maximise the utilisation (and hence profits) of the existing 
(generating) capacity before further capacity expansion is undertaken. The under- 
lying motif in such programmes is: for the utilities, is it 'cheaper to save or generate 
a kWh of electricity? ' (where in this case, 'cheaper' translates indirectly to 'more 
profitable'). The excess generation (or generating capacity) avoided is measured 
in 'Nega-Watts' [Lovins 1988,1990,1996]. The initial impetus, primarily techno- 
economic, soon began to be superseded by socio-political, environmental and more 
recently legislative considerations. Due to the broad nature of it's (DSM's) founda- 
tion, different applications tend to focus on different aspects and as such DSM can 
mean several things. For instance, according to Nilsson (1994): 
It can have a strictly technical meaning by describing the technical outcomes 
in the electricity system when applied. 
2. It can be regarded from it's impact on resource allocation when described by 
its economic rationality. 
However, all DSM definitions (reflecting a diverse range of objectives and perspec- 
tives) have as a central theme, the need to modify the end-use of (elect ricity-related) 
supplies to 'shape' demand in some beneficial manner [Redford, 19941. Generally 
speaking a flat demand load curve is advantageous to most forms of SUpply2. DSM is 
a broad dynamic concept and may be approached from several different perspectives 
(and consequently different ensuing outcomes) depending on the initial reason for 
its implementation, see Nilsson, loc. cit., for a more detailed account. However it is 
mainly a demand-side implementation alternative to new capacity on the supply side 
which means that the benefit is the 'avoided cost' for that capacity [Formby, 1994]. 
These avoided costs include generation, as well as distribution (hot-wire) costs. The 
effects of a properly implemented DSM program are several: (a) to the end-users it 
should manifest as lower energy procurement CoStS3 ý (b) within industry it is felt in an increased manufacturing/production efficiency, W to the utilities suppliers it 
manifests as delayed capital expenditure and W on a global scale it serves to limit 
environmental damage associated with increases in utilities production. 
The actual method of influencing end-user electricity demand is dependent on 
application and DSM implementation. As an example, in some instances, financial 
I The utilities are in business to make money; however increased sales may only marginally 
improve profitability. 
2 Many a marketing goal aims for just that. 
'As yet there is no indication that the utilities pass on the full benefits of the avoided costs 
unto their customers. 
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incentives such as loans and grants are given to encourage a move to more energy- 
efficient devices, while in some others, a time and/or capacity-oriented multi-tariff 
billing system is instituted, with punitive tariffs being associated with, say, either 
resource consumption, or exceeding an agreed demand capacity at pre-stipulated 
times [Formby, 1994]. Usually, both may be instituted in conjunction with each 
other (probably depending on the nominal demand of the user). The implemen- 
tation can be scheduled in a manner as to offset the costs and losses in revenue 
incurred, by the utilities, in promoting measures of energy efficiency and any conse- 
quent reduction in sales. In the future, other strategies like, reduced cost per unit 
utility consumed dependent of consumption pattern and generation cost reflective 
pricing, may become options [Redford, 19941. Characteristically, there are at least 
five main objective categories around which these programs are designed [Redford 
and Fry, 1993; Nilsson, 1994; Redford, 1994; Augood, 1997] viz: 
Peak clipping Demand reduction by voltage reduction, supply interruption or 
other focused energy-efficiency programs. 
Valley filling Demand re-scheduling, by the promotion of utility consumption par- 
ticularly at periods of low demand, to maximise utilisation of generation and 
network assets. 
Load Shifting Demand relocation is essentially an extension of peak clipping, qv., 
effected by use of accumulators. 
Strategic conservation Overall reduction of demand through energy efficiency is 
typically a societal issue, with most activities geared towards environmental 
goals, (although, sometimes it may be used as a means of capital expenditure 
control). 
Strategic load growth This is a variation of the Valley filling theme, with the 
primary objective of increasing overall consumption. 
In any DSM program, cost recovery plays a major part. In some instances, the 
recovery of cost may not necessarily be financial but may take other forms such 
as: a raised company profile etc. According to Nilsson, loc. cit., in instances when 
financial' economics are involved, utility companies and end-users tend to have 
different economic perspectives and time-scales. This leads to a systematic bias in 
their economics. Suppliers tend to calculate and act based on lower rates of return 
than the end-user, typically precipitating an over-spend on the supply side and 
a neglect of opportunities on the demand side. The difference in the respective 
'As opposed to energy. 
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maximum investments for the supplier and his client (end-user) is known as the 
'payback gap' and the discount rate the end-user adopts, the 'implicit' discount 
rate'. These differences exist in spite of pricing, but can only be felt in terms 
of pricing. With the privatisation and deregulation of the UK electricity industry 
there is the increasing probability that utilities would seek avenues to 'pass on' the 
'avoided cost' to the demand side in an attempt to increase market share through 
pricing. 
2.1.1 Demand Side Management in Perspective 
The main precept of DSM, i. e. the modification of the electricity demand profile 
to some desired, predetermined shape, to some purpose or advantage, can also be 
implemented by equipment manufacturerS2, given a suitable enabling mechanism. 
Such a mechanism, which must intrinsically consist of, both, (a) a control philos- 
ophy and (b) a controllable technology, can be incorporated as an intelligent part 
of the resource management strategy for an appliance 3. DSM concepts can be ap- 
plied within the basic design-control regimen of any device exhibiting a temporal 
dependence on resource consumption. In this sense DSM cannot be viewed as the ex- 
parte' preserve of the utilities 4, nor is it to be restricted to techno-economic issues. 
Socio-psychological research effort has been expended on identifying the societal 
impacts of these programs (cf. section 1.4 on page 20 and section 1.5 on page 22). 
If the motif of the utilities bears directly on whether it is 'cheaper to save a kWh or 
generate a kWh of electricity', then that of the end-user is increasingly sympathetic 
to the environment in addition to cost. From the end-users perspective, what is 
wanted is seldom just the purchase of cheaper kWh of electricity but, an effective, 
reliable service (e. g. effective lighting, cooling, heating etc. ) at an affordable price 
[Boardman et al., 1997], and preferably at little or no perceived 5 environmental cost. 
'The utilities tend to borrow comparatively larger amounts of money and thus are in a better 
position to bargain for lower return rates from the banks. In making a comparison the maximum 
investment per unit profit expected is used as indicative. 
2T6 the advantage that the appliances can be marketed as being able to take advantage of 
whatever utility-side DSM strategy is in place. 
3 This is precisely what has been devised and validated for DRA's in this work. 
4 In fact there is no reason why the technique cannot, suitably modified, be applied to the 
delivery of other fluctuating resources. This is manifest herein, in the application of the principle 
to coolth demand in DRA's. 
5A perception not necessaxily based on correct or 'perfect' information, much to the disgust 
of the nuclear electricity companies. In discussions with colleagues researching into the socio- 
psychological aspects of energy use, what became increasingly apparent is that many individuals, 
even energy-conscious ones, generally do not consider the use of DRA's as adversely impacting 
the environment. Probably because most advertisements on the television and radio are geared 
towards heating and lighting etc. 
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Currently, this translates loosely into more energy-efficient devices run at a 
lower energy costs (although there is some evidence that some consumers would 
pay more for 'cleaner' energy). The translation is loose, as there are many other 
socio-psychological factors which bear up on the consumer's final choice. Availabil- 
ity appears to be singularly the most constricting (you simply cannot buy what isn't 
available). Affordability is another major factor'. Beyond these, other considera- 
tions are (a) number of available features, W need for (and ease of) maintenance, 
W design aesthetics/ergonomics, W economic savings due to differences in energy 
consumption, W environmental impact and M perceived compromise or change 
in living standard etc. between different product options (not necessarily in that 
order). In the design of any appliance or scheme to influence the use of energy, 
these must also be taken into account. 
2.2 Load Management in DRA's 
Introduction 
This section briefly discusses aspects of load demand management. In converging 
on the load management in DRA's, it tries to highlight sources of appliance thermal 
instability and goes on to propose a single measure which may be used to address 
the problem. 
2.2.1 Load Management 
The demand for the supply of energy is a constantly varying time-dependent 
function, as is the production of suitable forms of energy from primary sources. The 
satisfaction of such demands from a stored fuel requires the matching of conversion 
to the load variation. However, the two tend to exhibit different patterns of temporal 
variations for fundamental and practical reasons. 
To ensure a continual and reliable energy supply service, conversion equipment 
must be able to provide the maximum power ever required, i. e., its rated power must 
equal or surpass the peak load. In practice, if the conversion equipment consists of 
several units operating in parallel, there must be a sufficient surplus capacity such 
that: given the probability distribution of equipment failure, the likelihood of not 
being able to meet demand can be kept acceptably low. 
When the load demand is characterised by a time distribution which is not com- 
pletely predictable e. g. determined largely by individual choices, then the probability 
'To each, his coat according to his cloth, the old adage goes. 
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of supply insufficiency takes on, in addition to (a) equipment failure, a second di- 
mension viz W load uncertainty. The later probability is also referred to as the 
'loss of load probability' (LOLP). The surplus capacity necessary for meeting a given 
LOLP requirement is termed the 'reserve capacity', which usually decreases inversely 
as the multiplicity of conversion units. 
Traditional energy supply chains all involve the storage of fuel (or primary en- 
ergy) typically, 
Mining/ Extraction mo Fuel Storage mo Conversion mo Energy Use 
However, in situations where the cost' of conversion equipment is considered 
high relative to the cost of 'driving fuel", then the addition of a (secondary) energy 
storage facility after ' the conversion may be considered. Such a storage must hold 
the energy in the form required or one easily and efficiently converted into the 'load 
energy form'. Otherwise a new conversion step will be present, and the system may 
exhibit the same shortcomings as the original one. With 'secondary storage', it 
may be possible to operate the conversion equipment at a constant or moderately 
varying level of power output. In such a scenario, surplus energy (produced in excess 
of demand) is fed into the secondary energy store, and energy deficits (demand 
exceeding momentary production levels) are drawn from the store; two examples of 
this are thermal energy and mechanical energy (pumped water) storage. 
The match between a given system of conversion equipment and the load struc- 
ture may be described in terms of a time 'duration curve' of the instantaneous power 
capacity (Psupply) minus the corresponding instantaneous load (Pload)- 
'Over capacity' = P,.,,,,, - P,,,., = 'Reserve Capacity' 
This can be useful in assessing the need for implementing storage, as opposed 
to procuring extra capacity. This curve is unique to each implementation and the 
specification of storage systems may vary greatly with respect to the storage capacity 
requirement, the storage duration, access time, extraction time, charge time etc. One 
of the most important features is the uncontrollable variability of the load. In many 
cases the variation is known only to a first approximation and thereon modelled as 
I Here in the broader sense which includes, in addition to financial, other aspects like space etc. 
2 Driving fuel is used here in the sense that it feeds off the conversion equipment. It might be 
anything from unrefined crude to electricity. 
'The connotation here is for immediately prior to use as opposed to (primary) storage before 
conversion. Whether a given 'fuel' is classed as primary or secondary will depend on the application. 
For instance, raised steam (a fuel) may be used to provide mechanical work as an end product 
(e. g. in steam trains) or as fuel for one of the energy conversion processes in the production of 
electricity, which is also a fuel. 
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stochastic [Jensen and Sorenden, 1984]. The intrinsic ability of a 'load energy form' 
(secondary) energy storage facility to smooth out these power/load phase differences 
can be extremely advantageous. 
2.2.2 Load Management in the DRA Context 
One major problem associated with DRA's is that of maintaining thermal stability 
within the compartment. Current ISO test procedures stipulate methods for deter- 
mining the length of time required for the appliance interior to reach temperature, 
the so called pull-down time (the corresponding tests known as the pull-down tests), 
see [ASHRAE, 19981, for a brief exposition on the subject. However, the current (EU) 
legislation only categorises the four star (* ** *) domestic freezer in this regard 
[Waide, 1993; Buhl-Pedersen et al., 1993; EU, 1996]. The net effect of this latitude is 
made patent by one pilot study conducted in the UK, where the mean temperature in 
85% of a sample of 21 randomly selected domestic refrigerators was, on the average, 
above the recommended 5 'C [James and Evans, 1990]. In fact, only in one case 
was the temperature consistently below the recommended 5 OC. The authors cite 
another Chinese study where only 2.8% of the appliances sampled operated consis- 
tently below VC and highlight the need for more thermally-stable devices. Noting 
that, because the ISO (and other such) standards e. g. ISO/R 824 (19), DIN 8950 
(8); [ANSI/AHAM, 1988; CAN/CSA, 1991; UL and CAN/CSA, 1998] only pertain to the 
average of the maximum and minimum temperatures in any one thermal cycle', 
these standards ignore the differences that may exist therein (in some cases 12 *C) 
which can be detrimental to stored products. This is despite the fact that very strict 
guidelines exist under which foods may be handled (storage temperatures, cooling 
down times, storage times etc. see [ASHRAE, 1998, Chapters (16-28) and (47-51)] for 
pointers to more detailed food preservation information). It appears that very little 
notice is taken of this when appliances are legislated upon. Glaring evidence of this 
is that the current EU standard test procedure is based on an empty appliance (see 
Waide (1993)), with the principal objective being the determination of (24-hourly) 
energy consumption figures, see also EU (1996). In examining the literature, it was 
evident that: 
1. It is imperative to differentiate between energy consumption and energy effi- 
ciency. This distinction is necessitated by the fact that it is possible to have a 
low energy consumption DRA with poor prime-mover efficiency'. 
'The time between two successive prime-mover duty cycles during normal operation. 
'As a consequence of insulant performance. 
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In the same vein, a clear distinction must be made between energy performance 
and cooling performance 3- 
3. Any comprehensive definition of DRA performance' has to reflect, in addition 
to the usual energy consumption indicators (kWh(, )/24 hours etc. ), prime- 
mover COP's, heat exchanger effectiveness, heat ingress inhibition capability 
(kWh(T)/24 hours) and pull-down times, as well as some indication of thermal 
stability' about a stipulated internal temperature (referred to loading condi- 
tions). 
Thermal stability in an operational DRA can be broadly classified under two cate- 
gories. The preceding discussion hinted at the thermal excursions which may result 
from the insertion of some 'thermal load' into the DRA. A second category results as 
a consequence of the continual heat ingress into the system across the cabinet (con- 
tainment) walls. As with all thermal response systems, low thermal inertia DRA's are 
prone to respond more readily to changes in the ambient temperature. The manifest 
effect of this being that the prime-mover, in such low inertia systems, would tend to 
cycle (on/off) more rapidly than a higher inertia DRA, ceterisparabus, in an attempt 
to effect compartment temperature regulation'. As with virtually all inertial ma- 
chines, power requirements at start up are in excess of those for normal operation, 
in order to overcome inertial loads. Furthermore, during each off cycle, the pressure 
across the prime-mover equilibrates. Arguably, this equilibration of pressure helps 
reduce the inertial loads (due to pressure) at start up. However, the energy utilised 
in the restoration of this pressure differential (prerequisite to normal operation) is 
extraneous to the primary purpose of the device, and so amounts to a hiatus in the 
resulting process efficiency. This is not to mention the heat injected into the system 
during the restoration of normal working pressures. Clearly, this incipient lavish 
energy consumption predicament is aggravated with increased prime-mover cycling. 
Thus for the same changes in ambiance, lower thermal inertia DRA's will consume 
more energy in total as a consequence of this, in comparison to their counterparts 
of higher thermal inertia. 
Problems with thermal stability within a working DRA can be addressed utilising 
a suitable 'buffer' (or thermal-energy store, 'TES). This can (under the right set of 
circumstances) augment the restoration of the thermal balance within the appliance 
after some destabilising interaction (e. g. the door opened for a protracted length 
of time or the insertion of a large thermal mass at a temperature greater than the 
3 This distinction, while subtle, is a very significant one and is evident in the difference between 
solely standards-oriented designs, and the more robust contingency-based designs. 
4 An Efficient Energy Consumption Indicator. 
'Possibly as a temporally-weighted, central temperature tendency indicator. 
2 This can lead to systems control problems due to over sensitivity. 
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DRA control temperature. ). In both cases (changes in ambiance and utilisation), it 
can serve to limit the frequency of prime-mover cycling as well as lead to increased 
appliance robustness. This is in addition to the provision of a mechanism by which 
stricter thermal regulation can be imposed. 
As noted later in section 1.3.1 on page 12, one of the central ideas behind this 
research is to demonstrate that the use of certain heat transfer techniques may be 
beneficial in DRA design. In this regard the focus is on energy consumption (see item 
1 on page 9) in relation to the cost (not necessarily monetary) of energy consumed 
by the appliance. As the instantaneous COP of the prime-mover is dependent on the 
ambient temperature, there may be some benefit obtained by avoiding the use of the 
prime-mover during comparatively less (thermodynamically) expedient times. The 
loads incurred during these times may then be offset by the use of thermal (coolth) 
storage, stockpiled during some other profitable period. 
This strategy may also be brought to bear (possibly with the inclusion of a 
different pertinent form of energy storage) in situations where there are variations 
(and probable periods of dearth) in energy supply, enabling sustained appliance 
operation (or in one sense, robustness to supply variation). 
2.3 Objective Statement 
It is within the foregoing context that the current research (i. e. the design of an 
energy-efficient, power-supply and use-profile independent DRA) is set. The central 
tenet of this research (cf. - section 1.8 on page 34) is the concept that energy storage, 
in particular thermal energy storage, can be instrumental in the delivery of sustained 
and reliable thermal performance in, as well as the reduction of energy consumption 
of, DRA's. The prime objective of this research is the validation of this thesis (which 
is invaluable an DSM mechanism), giving specific address to measures for: 
(a) Increasing energy consumption efficiency. 
Reducing average energy consumption (and thereby running cost) - 
Reducing the power variability ratiol. 
(d) Exploiting the concept of time-dependent tariffs to further reduce appliance 
energy consumption cost whilst, at the same time, ensuring robustness to 
energy supply fluctuations and user habits. 
'The ratio of the difference, over a relevant cycle, between the maximum and minimum power 
demands to one or the other of M the maximum power demand, (ii) the minimum power demand 
or (iii) the time-averaged mean power demand. Irrespective of the definition used it is clear that 
this value will approach zero for less 'peaky' demand profiles. 
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(e) Ensuring that no changes are admissible which may (or may be perceived to) 
amount to a decline in living standardS2. 
2.3.1 Project Methodology 
The method by which this is to be achieved is by careful thermal design, amal- 
gamating established, available technologies (notably thermal accumulation' and 
vacuum insulation 2) optimised for inculcation into small-scale/domestic refrigera- 
tion systems. This is in addition to attempting to exploit certain thermodynamic 
phenomena inherent within the basic DRA design. These choices (thermal accumu- 
lation and vacuum insulation) were made as they present, primafacie, appropriate 
and effective enabling technologies with the potential to make the most economic 
or best technical use of the available energy. This could be achieved by facilitating 
the: (a) reduction of 'non-utilisation' associated appliance heat gains (and thus 
energy consumption), (b) decoupling energy demand and supply, (c) reducing the 
frequency of prime-mover (on-off) cycling [Guldbrandsen and Norgard, 1986] and 
W increase of the prime-mover index of performance 3. 
The underpinning rationale in all this is that reductions in the energy consump- 
tion of a DRA (or any non-trivial energy conversion system for that matter) is best 
achieved by addressing in greater detail the process layout and efficiency, rather 
than the individual component energy conversion efficiencies. In this regard much 
of the analysis will be undertaken comparatively, with the view to specifying what 
an optimal configuration of a DRA should approach, irrespective of component effi- 
ciencies. 
The basic DRA consists of an insulated cabinet, two heat exchangers and one 
heat pump (prime-mover). The principles behind its operation were understood 
well over a century ago [Bianchi and Forlai, 1988; Atwood, 1991; Nagengast, 1996; 
Nagengast, 1997; Nagengast, 19981. Over time, the design of such systems has been 
modified as new technologies came to the fore. The following discussions on the 
2 This is highly subjective; however some criteria are fairly standard i. e. maximised inter- 
nal/external volume etc. 
'See section 1.2.2 on page 9 for the rationale behind this. 
2 As the greater proportion of the heat gain into DRA's is through the walls, the best available 
type of insulation is to be employed in the specification. Typical resistance values for polyurethane 
foam are 'R-5' (per inch) while the VPSI intended for this application has an 'R-75' (per inch) 
rating. Other manufacturers produce vacuum-based insulants with 'R' ratings of less than 75 
but, in the region of an order of magnitude greater than for conventional insulants, see McEl- 
roy et al. (1984), Potter and Benson (1990), Smith and Porter (1990), Benson and Potter (1992), 
Owens Coring (1994), Babyak (1994), Owens Coring (1994). 
3 As the cold end of the prime-mover can operate from a fixed (accumulator) temperature rather 
than at several degrees below this, see section 1.4.1 on page 13 for pertinent arguments. 
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various considerations given in this research exercise is restricted to the ubiquitous 
vapour compression cycle'. 
2.4 Energy Transfer Considerations 
Introduction 
This sections deals with the dynamics of energy transfer and conversion within a 
DRA. It attempts to highlight the different aspects of the energy conversion process 
indicating the influence different systems parameters have on the entire process. 
The section also presents relations for the prime-mover index of merit with the 
underlying derivative analysis. In doing so it also attempts to discuss the manner 
in which real systems deviate from the theoretical predictions. 
2.4.1 The Prime Mover 
The prime-mover index of merit is called the Coefficient of Performance, (here- 
inafter COP) and is defined as the average ratio of the useful heat (Q) removed from 
a system to the (thermodynamic) work (W) required to effect this removal. viz' 
COP 
- 
Ql 
w 
(2.1) 
For an ideal process, such a heat pump is assumed to be operating isother- 
mally between two infinite reversible heat reservoirs (one sink and one source) and 
with all the expansion and work transfer processes being reversibly adiabatic (isen- 
tropic). This ideal cycle's index of merit is the so-called Carnot' cycle Coefficient 
Of Performance', hereinafter referred to as the ideal or Carnot cycle COP viz (COP), 
If one considers 
4 As this is most commonly encountered device of its type and boasts superiority in one or more 
terms of cost, efficiency or proven reliability over other major heat pumps as applied to DRA's, see 
[ASHRAE, 1994, Chapter 48]. 
'The dots indicate unit time quantities. Strictly speaking the W is defined as the instantaneous 
(in this case electrical) power; however, the basic assumption here is that these 'rates' are steady. 
2 Carnot, Sadi (1796-1832). French mathematician and pioneering thermo-dynamist (son of Lazare Carnot). 
He made important contributions to the Mathematical theory of heat and engineering thermodynamics where he 
devised the Carnot cycle. 
'The reader is referred to standard texts e. g. Callen (1960) for introductory and detailed dis- 
cussions on the subject of heat pumps and their performance. 
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the high arid low temperature heat sinks to be at temperatures' Th and T, 
respective heat transfer rates Qh and Q, (see Figure 1.1 on page 14) then from 
basic Carnot cycle analysis: 
(COP) C 
T, 
Th- T, 
T, (Tc 
AThl 
where the cycle temperature ratio is defined as 7-, -- 
TA 
T, 
"0 
M 
T[LI 
II 
Slil Entropy S[h] 
-31 
Nvith 
lie 
(2.2) 
Figure 2.1: Schematic T-S diagram for the basic Carnot refrigeration cycle 
indicating the context of the different symbols used in the text. 
The arrowwidtlis are to give an indication of the relative proportion of the heat transfer as the 
fluid traverses the exchanger. 
The COP values of real prime-movers are much less than this ideal (COP), com- 
promised Lýjr departures from the theoretical assumed isentropic and isothermal be- 
haviours, see Figure 1.1 on page 14. These are particularly. (a) that the heat 
transfers across the heat exchangers inust take place across a finite thermal gradient 
'More rigorously, thermodynamic temperatures or thermal potentials. 
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(i. e. that Tcmd. ý T, and T,.,. ý T, ) and, N there is direct heat transfer into the 
system due to the nature of the design (principally, due to heat transmission across 
the system's boundary from the ambient, but also from other sources e. g. the hot 
end, fixtures etc. ). In keeping with the literature [Bejan, 1988; Bejan, 1989], the 
ratio of these two indices of merit (real and Carnot COP's) is here defined as the 
second law efficiency of the real system vZz' 
COP 
(COP) (2.3) 
If in consequence of the isentropic behaviour alluded to and the irreversibilities 
inherent in (a) in the preceding paragraph, it is assumed that heat exchange at 
both the hot and cold 'end' heat exchangers are with equivalent temperatures TC 
and T.,,,,. respectively; also, the effect of (b) above can be characterised by a heat 
ingress (ýj), resulting in a total refrigerating load i. e. 
--':: (ýi + 
ýIoad (2.4) (ýevap. ' 
Using the subscript notation I and h to demarcate conductances (K) for the 
heat transfers 
ýevap. 
and (ýcond. ) respectively, then the following basic definitions are 
illustrated in the modified Carnot refrigeration cycle 
2 diagram in Figure 1.2 on 
page 16 
ýcond. 
=Kh(Tcond. - 
Th ) (2.5) 
(ýevap. K, (T, - 
Tevap. (2.6) 
W (ýcond. 
- 
(ýevap. (2.7) 
Also, noting the relevant system's (boundary) second law condition 3 
(ýcond. (ýevaP7 
>0 (2.8) Tcond. Tevap. 
'Deducible from the so-called Gouy-Stodola theorem: 
ZýWavaijable. = T,, AS, see Bejan (1982b), 
pp. 24. 
'In many a sense, this is still an idealised schematic diagram, depicting isentropic and isothermal 
processes. 
3 Again, another idealisation. The reality is that the process has inherent irreversibilities, due 
to prime-mover inertia etc. In fact for this reason, the tendency is for larger devices to possess 
better COPs than smaller devices, due to a lesser proportion of the total energy consumed being 
deployed to overcome these inertial forces. 
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cond] 
T[H] 
Qcond, ' 
; -4 v 1ý 
TILI 
evap 
T levap] t 
Sill Entropy S[h] 
53 
Figure 2.2: Schematic TS diagram for a modified basic (Carnot) refrigeration 
cycle indicating the context of the further symbols used in the text. 
Using eqn (1.1), eqn (1.4), eqn (1.7) and observing the limiting equality (re- 
versibility) condition of eqn (1.8). 
COP = 
01 
. 
oad 
w 
(Oevap. 
- 
Oi) 
(Qcond. - Qevap. ) 
(2-9) 
Qi/Qevap. (2.10) 
Tcond. /Tevap. 
-I 
Based on the definitions of COP, and 77, this yields [Bejan, 1989] 
Tc - Ql)-l 
Tlgp - Ql 
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the definition of -r., intuitively carrying over i. e. temperature ratio 
Tcond. 
Tilp ýý Tevap. 
The foregoing illustrates that: 
54 
For a given ratio of reservoir temperatures T,, reductions in -r,,, would maximise 
the service furnished by the system (eqn (1.11)). 
2. The process of reducing -r,, should be achieved, preferably, by reducing both 
the hotter end temperatures and increasing the lower end temperatures. 
The rationale here is to reduce the temperature differences (T,,,,,,. - T, ) and (T, - Tevap. ) (eqn (1-5) and eqn (1.6)) which characterise the irreversibility of 
the system (eqn (1.8)) [Bejan, 1989; Bejan, 1982a]. 
3. Changes in (ý, i. e. 
(Tcond. 
- T, ) and/or 0, i. e. (T, - Tevap. ) can be offset by 
appropriate changes in K, and K, respectively to maintain the same systems 
performance. In thermal engineering terms, this translates to increasing the 
relevant heat exchanger areas, increasing the relevant heat exchanger overall 
heat transfer coefficient (U) or both. 
It is noted in passing that the extent to which these can be achieved in practice will 
be restricted by economic as well as other technical considerations. 
The truth is that the idealised COP relation eqn (1.1) cannot be deemed to suf- 
ficiently represent DRA reality. In considering the implementation of the measure 
stated in point 2 above, it is important to bring to bear some aspects of the actual 
utilisation dynamics of DRA's. In the light of this, the following is presented as a 
better representation of the COP in relation to the systems parameters. In what 
follows, the definition of COP is relaxed to embrace the actual performance of the 
prime-mover in situ and addresses the issue of the Efficient Energy Consumption 
indicator raised in item 3 on page 9. Again, beginning from the basic COP definition: 
eqn (1.9) 
Cop 
Qload 
W 
((ýevap. 
(Qcwd. - Qftap. 
) 
and again observing the limiting equality condition of eqn (1.8) 
T,.,, d. - 
O.., 
d. x Tev, (2.12) 
oevap. 
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which, with T,,,,,. as the subject of eqn (1-6), in eqn (1-5) yields 
(Xond. 
-- - -- 
KhK&Th 
(2-13) Qevap. (Kh+ K, ) - KhK, T,. P. 
If this is substituted into eqn (1-9) the following results 
COP = 
(QevaP. (KI + KI) - KhK, T, ) x ((ýe,,, P. - 
(ýj) 
Qevap. (-(Kh + KI)Qev., p. - 
KhKI(Th- T, )) 
(2.14) 
where 
(T, -IZDRI(T)lQevap. ) X ýIoad 
Oevap ýZDRA 
(T) 
Oevap. 
+ ZýThl) 
(Kt, + KI) RDRA 
(T) 
KI&K, 
and 
, LTh I= (Th- T, ) 
Note that as the conductances (K, and K, ) become infinitely large IZ,,. (, ) van- ishes, with T, -+ T, and T, -+ T.,.. Also, as the heat ingressing into the system 
diminishes, 
P. and the conditions effectively tend towards the ideal i. e., 
eqn (1.14), the equation for the measured COP of the DRA approaches eqn (1.2) , the Carnot relation for the prime-mover. 
Using base parameters 
IZDRA 
(T) = 0.8'C/W, (compartment) 
IZ(T) 
= 0.5 *C/W, 
T, =4 *C, T, = 25 'C a simple parametric study of eqn (1 - 14) was undertaken for varying Qload- 
Figure 1.3 on page 19 is a parametric display of the effect of load demand with 
changing 
IZDRA 
(T) on the profile of eqn (1.14) (the measurable in situ prime-mover 
performance COP). Of particular interest is the dependency of loading conditions on 
machine performance. 
Figure 1.4 on page 19 is another parametric plot (apparent COPDIU VS * Qload) 
indicating the effect of changing compartment thermal resistance 
IZ(T) 
. Notice the 
strong dependence on the relative proportionsOf 
01oad 
: (ýi or in other words the sys- 
tems' insulative properties. The measured in situ COP in this case increases markedly 
as the compartment thermal resistance 
IZ(T) the implication being, the better the 
insulation the greater the benefit obtained from the prime-mover. 
Likewise parametric displays Figure 1.5 on page 20, indicate the effect of changes 
in the apparent COP with T, and T, respectively. These illustrate the expected 
increases in COPDIU with decreasing T, and increasing T, The charts also take into 
account the changes in Qj as a result of these variations. 
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Figure 2.3: The effect Of 
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Figure 2.5: The effect of changes in T, (left) and T, (right) oil in sitit COP 
eqn (1.14) 
Base paraineters 0.8 'C/W, (compartment) 7Z(T) = 0.5'C/W, T, = 4'C, T, = 25'C. 
In situations where the appliance load greatly exceeds the heat ingress i. e. 
Qload >> Q, ":: * Qload ---ý Qevap., eqn (1.14) would be somewhat niodified viz: 
COP 
- 
(T, - 
'ýDFLA(T)ýevap. ) 
'ZDRI 
(T) 
Qevap. 
+ AT41 
(2-15) 
While e(In (1.14) and eqn (I - 15) inay well represent in situ prime illover COP suffi- 
ciently for theoretical characterisation, tile COP of real systems differ markedly from 
their theoretical estimates. In order for pertinent analysis of a real system to be 
undertaken. tile characteristics of the prime-mover has to be determined experi- 
mentally'. Tile data is usually presented in discrete form, consisting of a range of 
internal and external temperatures as well as the experimentally observed estimates 
for the COP. 
'This is routinely done b,,,, DRA manufacturers and the ISO standard recommends a rather compli- 
cated procedure for this. 
filis 
procedure is probably f6flowed by the prime-mover manufacturers: 
however a inore coninion practice in the DRA industry is to measure the electrical energy required 
to cool a given load and find the quotient of these figures in different environments. 
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As before modifying the basic COP definition eqn (1.1) (see Figure 1.1 on page 14) 
to reflect the actual benefit furnished by the DRA 
Qioad 
COP 
w 
ýevap. 
- (ýi 
((Xond. 
- 
(ýevap. ) 
_(K, 
- 
IATevap. 
II- Ki IATh, l 1) 
(Kh * 
JATcond. 
,h 
I- K, I AT,., P.,, 
I) 
Qheater 
li r 
(2-16) 
On the understanding that Ki is an approximate heat transmission conductance 
characterising the heat ingress into the system, 
Tcond. > Tmb. > 
TDRA > T.,.,. -, 
Qheater is 
an experimentally (arbitrarily) fixed constant quantity of heat supplied by a heater 
and W the energy required to maintain the system at a steady-state. 
For a given heat exchanger area, the heat conductance (K) is dependent only 
on the mean heat transfer coefficient of the heat exchanger (h). This coefficient is 
usually defined with respect to the physical properties of the convecting fluid at the 
mean temperature between the exchange surface and the fluid, see Chapman (1984). 
For a given fluid and over moderate temperature ranges about this mean, the h may 
be approximated by the form: 
o-,. o a,, + a, Tý (2.17) 
T being the mean of the bulk fluid and exchanger surface temperatures' and the 
a's and C being constants. The effect of the area can be absorbed in the constants 
a,, and a, thus, eqn (1.16) may be represented as: 
COP = 
(a,, + a, T.,.,. ATevap. - '(K - AT)j) 
(b,, + b, Tc(md. ') - 
AT, 
-.,, d. - (a,, + a, T,.,,. () - AT,,.,,. 
(2-18) 
The values of the a's (evaporator), b's (condenser), Ki and ( particularise 
eqn (1.18) to a given system based on the data available and 
ATcond. 
= 
(Tamd. 
- 
Th ) 
ATevap. = 
(T, 
- 
T,,., 
p. 
) 
AT, = (Th- T, ) 
Tco. 
d. = 
(Tcond. +Th)12 
Tevap. 
= (T, + T.,,, p. 
)/2 
'Admittedly some other authors use AT rather than T, e. g. see Sparrow (1970); however the 
practice seems harder to justify on the basis of correlations considered for the purpose. 
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During service, DRA's tend to go through several transient stages where the am- 
bient air is suddenly raised in consequence of some human interaction (e. g. a 'door 
opening' or the insertion of a thermal 'load'). Significant changes in air temperature 
have an effect on the short term COP of the prime-mover. In order to circumvent 
this, a 'thermal storage buffer' may be placed on the evaporator surface acting as 
a thermal interface between the prime-mover heat exchanger and the DRA interior 
air. Depending on the operating temperature of the 'buffer' this can help to define 
and regulate T,,,,,. within other confines of the system. Importantly, this 'buffer' 
can also influence the COP of the prime-mover by ensuring its operation at a strictly 
controlled evaporating temperature and consequently. 
2.4.2 Other Heat Transfer Considerations 
Some modern DRA manufacturers install fans to enhance circulation in an at- 
tempt to increase the overall heat transfer coefficient (U) of the heat exchanger by 
increasing the heat transfer coefficient (h) rather than, say, increasing exchanger sur- 
face areas. The following analysis examines the validity of this practice in terms of 
its usefulness in improving DRA performance; considering only the simplest of effects 
and on the understanding that the effect of the associated component efficiencies 
and friction coefficients (both < 1) serve to further diminish the energy consumption 
efficiency of the system, the analysis, neglecting both these considerations, is laid 
out as indicative of an upper bound on 'performance'. 
Mass flow 
For such an implementation, the fan power requirement is proportional to the 
cube of its mass flow requirement i. e. assuming constant densities 
W> Force x distance 
= Pressure x Area x velocity time 
PX Ti-L (2-19) 
PM 
Ti. L3 
2. (pm. A) 2 
A in this case being the fan cross-sectional flow areal. 
The heat transfer coefficient 
The flow Nusselt2 number (Nu), and by definition h, is proportional to the 
'Also, see any standard text on the subject e. g. Duncan et al. (1981). 
2 Nusselt, Enerst Kraft Wilhelm (1882-1957). German engineering scientist. He was the first to apply the 
principles of dimensional analysis to the mathematical formulations of heat and then mass transfer; the concept of 
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Reynolds' number (Re) raised to some exponent m, say; this may be repre- 
sented by a general convection coefficient correlation: 
Nu (x CRe' 
L) 
IL-A 
(2.20) 
A in this case being the fan cross-section area and L some characteristic 
dimension. 
Typically (m < 1)', see Chapman (1984) and Incropera and DeWitt (1990) for 
some correlations for flat plates 3. 
From eqn (1.19) and eqn (1.20) the following conclusions may be drawn: 
9 Mass flow can only be doubled at the expense of an eight-fold power require- 
ment (W (X 7i. L3). 
Doubling the mass flow will increase h, but by a factor of less than two viz 2- 
as h cx Ti-tý. 
Combining these two results yields 
W oc ý(3-) (2.21) 
If the heat transfer coefficient, h, on account of increasing the power to the fan, is 
designated as h+ Zýh -= Eh, then the changes in the power requirements 
(W + AW) 
are: 
W AW (x e(-)h(") (2.22) 
With these definitions, the ratio of the 'new' COP to the 'old' COP can then be 
seen to be: 
COPnew (h + Zýh)ZýT W 
COPold AW + hAT (2.23) 
= E( 
1- 3) 
dimensionless e. g. Prandtl (Pr), Nusselt (Nu), Reynolds (Re) etc. numbers are his brainchild. He made numerous 
other contributions in several areas of convective (heat and mass) transport. 
'Reynolds, Osborne (1842-1912). English engineering scientist. Worked principally in hydraulics and hydro- 
dynamics. He formulated a theory of lubrication and developed the standard mathematical framework used in the 
study of turbulence. 
'This is true even for the most severe case of jet impingement. 
3Some other relevant correlations are given in Guyer and Brownell (1988). 
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The situation can be much worse as fans placed within the DRA cooling compart- 
ment dissipate heat equivalent to the fan power consumption (= Ii), thus reducing 
the effective cooling capacity of the DRA. From thermal performance considerations, 
fan installations may be necessary (for instance for convection control, where either 
the heat exchangers are located in regions where the air flow is restricted or would 
otherwise have regions of stagnation in their ducting e. g. horizontal cross-flow heat 
exchangers). However, it is clear that the practice has severe limitations from the 
standpoint of increasing systems energy efficiency. As a result of this, before the ad- 
dition of any gadget (and thereby increased level of complexity) is addended to the 
basic DRA design, all options for maximising the benefit of the basic device should be 
explored. Placing this within the context of increasing exchanger conductance, an 
increased surface area should be considered as a better alternative to fan inclusion', 
after due consideration has been given to the basic exchanger design and geometry. 
2.5 Heat Ingress Inhibition 
Introduction 
This section briefly covers the role thermal insulants have to play in the de- 
sign of DRA's and outlines the various options which may bear upon DRA design, see 
also Smith and Porter(1990). Arguably, the most important aspect of an energy- 
conscious, DRA design is the inhibition of heat ingress into the system, the rationale 
being, 'if the heat can not get into the system, there will be no need to get it out'. Of 
more than the 80% of the current DRA energy consumption 2 attributed to heat ingress 
into the system [ASHRAE, 1994, Chapter 48] , some 52% entrains through the system's insulative shell. There are several criteria for the optimisation of the thickness and 
type of insulation used on such systems [Bejan, 1979; Malloy, 1969; Bar-Cohen and 
Rohsenow, 1984; Sciubba and Bejan, 1992; Bejan, 1993]. Cost usually plays a major 
role in the specifications (see Malloy (1969), Wells (1971), Barnhart (1974)), along- 
side considerations of aesthetics and practicality (e. g. toxicity, fluid impermeability, 
physical strength etc. [Probert, 1967; Merler, 1968]). These factors tend to override 
the technical ones as in theory, the amount of heat ingress into the system can be 
reduced without limit as the amount of insulation is increased in similar manner. 
However, the economic and even technical rationale of this is called into question 
beyond some finite limit see Probert and Giani (1976). Figure 1.6 on page 25 is 
'That said, whilst increasing the evaporator surface area has its merits, the limitations of this 
in the guise of the current DRA design will become clear later, see section 6.3.3 on page 220. 
2 Not including user-associated heat loads. 
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a graph of the relationship between the thickness of the applied insulant and the 
therinal conductance for a 200 litre (cubic) compartment based oil correlations given 
in the literature (see Appendix B on page B-264); also, Figure 1.7 oil page 26 is a 
computational prediction of the relation between energy use and insulation thick- 
ness for a 200 litre refrigerator with a constant COP =I (culled from Guldbrandsen 
et al. (1986)). The diminishing benefit of simply increasing insulant thickness is 
apparent and indicative of the need for further research into higher quality insu- 
lants. Within the aforementioned economic limit though, technical considerations 
as to flow the insulation can be optimally placed and proportionally distributed 
have been arrived at [Lim et al., 1992; Bejan, 1993]. Lim and Bejan (1994). have 
also applied the concept to the theoretical design of insulant distribution in DRA*s of 
the fridge--freezer type. 
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Figure 2-6: The relationship between the thermal conductance and insulant 
thickness in a (200 litre) cubical compartment; exterior heat transfer coefficient 
(h) 6W/M2 'C. based on Langmuir et al. (1913) and correlations given on pp. 88 of 
Incropera, and DeWitt (1990). 
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Figure 2.7: Modelled data for the annual electricity consumption versus insu- 
lation thickness for a 200 litre refrigerator (COP = 1, k(7, ) - 0.029W/mK) culled from Guldbrandsen et al. (1986). 
2.5.1 Critical Thickness 
The stead , i-state 
heat transfer between insulated enclosed spaces and their sur- 
rounding ambient occurs in a manner as to permit tile definition of a minimum 
critical thickness of insulation for a, given insulant. The phenomenon has been 
well defined for some curvilinear type geometries, for instance see Sparrow (1970), 
Chapman (1984), Aziz (1997). Comparatively more recently, some authors have at- 
tempted to deduce similar correlations for prismatic (Balcerzak and Raynor, 1961] 
and square [Hsieh, 1980; Aziz, 1983] exterior sections' and to state a formal tile- 
ory for tile phenomenon [Hsieh and Yang, 1984]. As yet, the case for insulation oil 
rectangularly hollow, cuboidal geometries remains undetermined. In general. tile 
applicability of this principle is limited to small geometries and for any apprecia- 
ble enclosse(i volume. tile value of the critical thickness would be small. Aziz (1997) 
attempts to pool all tile available information into one document which contains a 
number of solved examples. 
'The internal sections are usually assunied to be of circular or ellipsoidal cros-s-section. 
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2.5.2 Composite Insulant Distribution 
Also of interest is the bearing of the relative location of the thermal insulant, '-, 
(of differing conductivities, which together constitute a composite insulant) on the 
resultant insulant conductance when used to lag an enclosure. The value of the 
insulant changes with the relative location of the insulants. This may be illustrated 
kl2jk34 
k23 
Figure 2.8: Diagrain indicating two instances of different distributions of ther- 
inal insulation within a two component insulation system. 
with the case of a steady-state pipe of uniform cross-section and infinite length (L), 
lagged in three tiers with two different insulants (with volumes a. V,,, V,, and V,, = 
b-V,,. such that a+b = 1), see Figure 1.8 on page 27. The pertinent quantity is the 
resultant thermal resistance which rna. v be represented as: 
DL f, 'r2 
r3 + r2 + rl 
27rLkl2 2TLk23 27rLkl2 
T4 27r 
?k 
12 
'1'3 
) 
7'3 2-, T 
?k 
23 
r2 
7-2 2-. r 
?k 
12 
In - 
(ri) 
(2.24) 
2-, r? k 12 
k -k 3- 
2,1 
1 
12 
ý23 
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From the basic relations 
V23 
= 7r 
(r 2r 2) 
32 
222 2) (a + b)V12 == V12 = 7r [(r 2-r, 
) + (r 
4-r3 
(aV, 
2 
+ V23) = 7r (r 
2-r 2) 
31 
The values of the radii may be expressed in terms of the base radius r, i. e. 
7r 7r 
r4 ý 
((CV12: 
d+ V23) 
+r 2 
7L 1 
65 
a) X 
V12 E(ax 
r2=2 
V12 + V23) 
2 r3 
4 
7rL 7rL 
+ ri (2.25) 
r2 a 
xvVl 2+r2 
7rL 
Substituting these values in the thermal resistance gives 
1) kjý-kg. ýj - (v T-=11,21 47rLkl2k23 
'72-(T) = In 
23 
+ V12) (V23+ 
a xV12+7rr2lL (2.26) 
7rr 2L (a xV12 + 7rr 2 L) 
Equation (1.26) represents the resultant thermal resistance of the composite in- 
sulant in terms of constants for a given setup and variable a. Importantly, depending 
on the magnitude of a (0 <a< 1) the location of the central insulant will vary, as 
would the value of the thermal resistance IZ(, ). The actual manner would depend on 
the relative magnitudes of the thermal resistivities and volumes of the insulants in- 
volved. The same analysis may be carried out for a sphere with similar observations. 
In such a case the pertinent equation is 
iIi(1( k12- k23 )(ii)I 726'(T) 
---i)+ 
23 2-3 
(2.27) 
a7r 
k12 r, r4 kl2k rr 
PhD Thesis 0 1999 Cranfield University -Refrigeration Appliances: Performance enhancements via novel Thermal 
- Energy Storage- 
25 Heat Ingress inhibition 66 
with the necessary relational changes being: 
3 3- 
(V12 + V23) 
2 r4 +r 
- 
(V 
3) 
r3 --":: 
3 
C(ý 
- 
_(aV, 2 
+ V23) 
+r3 (2.28) 
47rL I) 
3a V.. 3 12 
r2 +r3 
47rLý 1) 
The conclusion in both cases is: in instances where V,, is (presumably) smaller 
than V,,, typically where k,, is a higher quality and costlier insulant, it is generally 
more expedient to place this lower conductivity insulant on the inside of the enclosing 
composite insulation. 
Also of interest is the question as to whether the results remain the same if the 
thickness (as opposed to the volume) of each individual type of insulation were kept 
constant. In such a case eqn (1.24), for the cylinder, and eqn (1.27), for the sphere, 
would remain unchanged. However there would be changes to the radii definitions 
Viz: 
r4 = 
Ar12 + Ar34 + Ar23 + rl 
r3 = 
Ar12 + Ar23 + rl 
r2 = 
Ar12 + r, 
(2.29) 
with (, Lr,, +, Lr,, ) and Lr, 3 being constants and, Lr,, =a- 
(LrII + LrM) 
The conclusion is again the same: for the most effective and economic (in terms 
of both material and energy cost) use of composite, enclosing insulation, the better 
insulant is best placed internal to the lower quality insulant. Hence, this is true ir- 
respective of whether the insulant volumes or thicknesses are kept constant. Figures 
1.9 and 1.10, qv. pages 30 and 30 respectively are plots indicating this for a cylinder 
and a sphere respectively (in steady-state). 
2.5.3 Temperature-Time Lag 
One of the most fundamental behavioural characteristics of the response of real 
systems to perturbations is the existence of a delay between the initial disturbance 
and the response of the system. This delay, or lag, is function of the magnitude of 
the pertinent inertial quantity. The knowledge of these response delay characteris- 
tics can aid systems understanding and facilitate design. With respect to thermal 
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Figure 2.9: Variation of thermal resistance ratio 
7ý(T) (0< =a<= 1) for a cylinder 7ý(T)(a=o) 
of composite insulation with the location of low conductivity insulant. 
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Figure 2.10: Variation of thermal resistance ratio 
IZ (T) (0 <::: -- a <: -- 1) for a hollow 'R GI ) (a= 0) 
sphere of composite instilation with tile location of low conductivity insulant. 
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systems the existence of this lag forms the basis of several heat transfer methodolo- 
gies. The phenomenon has been exploited to advantage in different aspects of heat 
transmission. Kelvin for instance, [Carslaw and Jaeger, 1959, on pp. 84] indicates 
how the phenomenon may be used to estimate the age of the earth and it forms the 
basis of the Angstr6m and Neumann methods of estimating thermal conductivities 
[Carslaw, 1945, pp. 136 and 146). It has been utilised in optimising the design of 
building structures e. g. in the root cellar [Keener, 1988, pp. 380] and the so-called 
Norman church [Probert, 1993] problems etc. All these fall into the general class of 
so-called 'thick wall' problems', where the requirement is to deduce the time lag 
between changes in the temperature on some plane and the corresponding changes 
on a parallel plane some specified distance away'. 
Solutions to problems of this nature may be obtained by applying the Duhamel' 
integral theorem 3 to the solutions of the relevant classical Fourier' [Freeman, 1955] 
transient heat transfer problem (with time invariant boundary conditions) to obtain 
the required solutions'. Another method is the use of the Laplace' transform, [Eck- 
ert and Drake, op. cit. (Chapter 4); Carslaw and Jaeger, op. cit. (Chapters XIII 
and XV); Carslaw, op. cit. ]. Solutions thereof may be represented in terms of the 
temperature 'in excess' of the mean value of the fluctuating boundary condition(s) 
and indicate the extent of the delay between a thermal disturbance and associated 
response, as well as the degree of attenuation at some remote depth. 
DRA's are utilised in environments where there are diurnal differences in the 
ambient temperature 7, where it can be envisaged that the heat ingress profile with 
"Thick', strictly in the heat transfer sense, i. e. the Biot lumped capacitance criterion viz: 
Bi > 0.1, see Heisler (1947). 
'The phenomenon is extremely important in the use of thermocouples for data collection within 
transient thermal environments, see Eckert and Drake (1972), pp. 141. 
2 Duhamel, Jean-Marie (1797-1872). French Mathematical Physicist. His main interest was in partial 
differential equations; he then applied his results (notably the 'Duhamel principle') to other fields. 
'See Carslaw and Jaeger (1959), op. cit. pp. 30, original work Duhamel (1833) 
4 Fourier, Jean Baptiste Joseph (1768-1830). French Mathematician and Physicist. Famous for his pio- 
neering work in trigonometric series expansion of functions. His mathematical theory of heat conduction ([Free- 
man, 1955]) is one of the most important published in the 19th century. 
5Boelter et al. (1965), pp. 244ff. and 252ff , give another non-integral superposition technique 
of obtaining such solutions from the solution to a similar 'heat' equation with invariant boundary 
conditions. 
6 Laplace, Pierre-Simon (1749-1827). French astronomer and mathematical physicist. In celestial mechanics 
he proved the stability of the solar system. In analysis, Laplace introduced the potential function and Laplace 
coefficients; he also put the theory of mathematical probability on a sound footing, contributing to the foundations 
of the mathematical science of electricity and magnetism. 
7Even in thermally regulated dwellings, it is not atypical to have temperature regulators turned 
off during certain periods of the day. 
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time, Qj 8, into the system will vary accordingly. The central idea here is to exploit 
the phase difference (thermal lag) between ambient temperature variations and their 
resulting effect on the interior of DRA's; offsetting this against the dependence of 
prime-mover COP on ambient temperature, thus ensuring that the worst ambient 
effects 'occur' at, thermodynamically, the most expedient cooling periods. 
By way of simplification, it is here assumed that the behaviour of a single wall 
may suffice to characterise the response of the DRA i. e. that the problem is one 
dimensional. Lending credence to this assumption is the observation that: 
Typically the length-to-thickness ratios of the walls of conventional DRA's 
result in aspect ratios which would justify this assumption. From experience, 
this ratio is usually in excess of five. 
Thus, one may mathematically represent the thermal circumstance of the DRA wall 
with a one (x) dimensional Fourier equation as: 
(vt - aV2 ) T,,,.,, =0 (2.30) x 
and the boundary conditions 
(-k - V.. + h) 
(Twall (X 
= 0)- 
TDRA) 
=0 
h (Twall (X= L) -, T ainb. +k- 17. Twall 
(X= L) =O 
(l. 30 -a) 
Twall (X 
ý 
t) =( 
(X) Vt<0 (1 
-30 -b) 
TDRA (X <0: V t) = 
TDRA Tamb. (X >L: V t) =0 
(t) 
(1.30-c) 
L being the wall thickness; where the boundary temperatures are: for the DRA inte- 
rior environment T,,,, (presumed constant) and Tamb. the DRA exterior (periodically 
varying with time) i. e. 0x=L, T. rnb. =0 
(t). To facilitate solution, the linearity of 
the governing equation and boundary conditions may be exploited thus': T,,,.,, may 
be further broken up into the sum of two functions, T, ( ... 
) and T,, ( ... 
), each being 
the solution of the same differential equation with (differing) simpler boundary con- 
ditions'. These together, constitute the boundary conditions of the original problem. 
In the present case, these boundary conditions may be expressed as represented in 
Table 1.1 on page 32: 
Barring differences in orientation and in the temporal variation of one of the 'am- 
bient' temperature conditions, these boundary conditions are in essence the same. 
The T. solution to eqn. (1.30) is the more complex of the two and may be obtained 
'Excluding utilisation associated impacts e. g. effect of door openings etc. 
'See Gr6ber et al. (1961) and Boelter et al. (1965), pp. 244ff. and 252ff. 
'See Carslaw and Jaeger (1959), loc. cit. pp. 29-30. 
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Boundary 
T, TI, Conditions 
x=0 k-V Twall 
0 (-k -V + h) - (Twall- 
TDRI 0 
X x 
x=L (h +k-V )- 
Twall+ h- Tamb k-V Twall =0 
x . -' Initial Twall (X7 t< 0) (X) Twall (Xi t< 0) =0 
condition 
Table 2.1: Break-down of the boundary conditions (a-c) given in eqn (1.30) 
from the T, solution by a simple affine transformation and the application of the 
Duhamel integral theorem. The solution to T, may be obtained by one of the stan- 
dard techniques. Though the procedures are quite straightforward, the classical 
solutions (orthogonal series expansions), can be cumbersome both to obtain and to 
use further. This may be partly reduced by observing that in the event that the 
pertinent Fourier number exceeds a certain critical value (0.2), the classical solutions 
of eqn (1.30) may be reduced to the leading term of the expansion, see Incropera 
and DeWitt (1990), pp. 239 ff. 
Other 'approximate' techniques exist, for instance Goodman (1958,1961,1964) 
adapted the integral boundary layer technique to the solution of the 'heat' equation. 
The method gives 'approximate' results, the accuracy of which may be arbitrarily de- 
fined depending on the chosen equation profile and the extent' to which the method 
is applied [Goodman, 1964]. The method has been demonstrated to be sufficiently 
reliable to apply to most engineering problems, particularly if the solution profile 
is known apriori or can be estimated from solution of similar problems; see also 
Gr6ber et al. (1961) and Boelter et al. (1965). 
For the current application, analysis based on that given in Gr6ber et al., loc. cit., 
has been used and as such would not be repeated here. It will be sufficient to present 
just that part of the solution which characterises the thermal lag constant of the 
DRA wall. 
T1 
The T, solution consists of an exponentially-decaying transient part and a 
steady-state part (solution to V. T= 0 with the relevant parts of the same 
boundary conditions) which would reduce to a constant (the steady-state part) 
as time traverses. The effect this will have on the sum T, +T,, will be simply 
to add a constant term to alter the solution of T,, and as such, in the quest for 
the thermal lag constant for the wall, may be safely omitted from the ensuing 
analysis. 
'Two methods for refining initial solutions are given by Chambr6 (1959) and Abarbanel (1960). 
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Til 
For convenience defining (a) a new temperature variable, 0, to be the relative 
temperature in excess of the average of the maximum and minimum diurnal 
temperatures T,,,, b. and (b) w, the fundamental frequency of the components 
of the Fourier series expansion of the ambient temperature profile'. Also by 
way of information suppression, defining: 
f, (u) = cosh u cos u 
(u) = sinh u cos u- cosh u sin u 
(u) = sinh u sin u 
(u) = cosh u sin u+ sinh u cos u 
Omax = Tamb. max -Tlrnb. 
and the non-dimensional parameters : 
BIL - 
hL 
k 
Fo., 
L - 
c4) x 
x 
x-- 
L 
L being the DRA wall thickness. 
Using the referred principal part of the expansion 0 (t) i. e. Omax cos (wt) as 
representing the ambient fluctuations, and following the analysis in Gr6ber 
et al. (1961), pp. 89ff. it is possible to arrive at a solution of the form: 
ODRA (X, BiL i FOw, L 1 (4)1 t) ý Omax x BiL X 
: ýI 
x cos (wt +0 (X» (2-31) VýB: 2 + C2 
'According to Carslaw (1945), this is the most important part as the others tend to 'fall off' 
rapidly with harmonic and wall depth. 
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with the following definitions in operation 
2 
OL OL Ex+Ex OL OL 
22 
B BiL X fc +x fc, fo"1 2) f0,1 -2) 
BiL X fa 
-2 
+x L 0L 
w, L 
Bx 'X) CX fc 
, u2 (X) = arctan 
L 
CxL 
-2 
-X+Bx 
From the definition of 0 (X) it is possible to deduce the thermal time lag (0 (0) i. e. x 
0) for a given DRA wall thickness, given the relevant physical properties. Note that 
is a function of, amongst other parameters, Fo,,,, which in turn depends on the 
effective conductivity of the insulating material. The analysis given in section 1.5.2 
on page 26 demonstrates a mechanism whereby for a multi-tier, composite insulative 
compartment, 0 may be 'tuned' slightly'. Note that the value of the total thermal 
mass of the composite system would remain constant. Within the DRA context, the 
combination of these mechanisms might be utilised in effectively 'moving' the time 
ambient heat effects which are manifest within the DRA cabinet' to a period whereby 
it is either economic and/or more energy efficient to operate the prime-mover. 
2.6 Closure 
In this chapter, some of the main precepts of DSM were looked at in an attempt 
to apply the basic ideas of DSM on the demand side. Intrinsic to the success of this 
undertaking is the availability of a safe, reliable and controllable technology and a 
control philosophy; which will enable the (temporal) dissociation of demand-side 
energy requirements from supply availability. To date, neither does such a suitable 
technology exist nor has the required the appliance-management strategy been de- 
veloped for DRA's, which are ostensibly an ideal platform on which to benefit from 
'This thermal lag effect has been experimentally observed see Appendix B on page B-264. How- 
ever, due to insufficiencies in the basic DRA design (see see section 6.4 on page 221), no appreciable 
thermal lag in the appliance response to ambient temperature fluctuations can be achieved. 
1 i. e. altering the heat ingress aspect of the load-shape. 
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the concept. This work seeks to uniquely provide, both, this technology and man- 
agement rationale for the feasible implementation of the DSM concept in DRA's; thus, 
for the first time, providing a means whereby appliance users may either capitalise 
on whatever DSM scheme may be available to them or regulate the appliances' energy 
demand profile depending on energy availability or to some other advantage. 
The chapter also discusses (internal DRA temperature) thermal stability arising 
from human interactions during normal use and the slow rate of recovery attending 
DRA's after an internal temperature excursion. Thermal energy storage (TES) is 
proffered as one possible means of addressing this problem. Highlighting the need to 
minimise the temperature gradient across the prime-mover and reduce the frequency 
of thermal-cycling the prime-mover undergoes, it indicates the COP improvements 
which may result from the presence of a TES adjacent to the DRA evaporator. 
In the light of the nature of the application, the chapter goes on to stresses 
the need for the best possible means of thermal insulation and proffers the use 
of vacuum panel super insulation (VPSI), the best currently commercially available 
insulation, for this application. The chapter further discusses some of the underlying 
principles of DRA operation. In considering the energy transfer mechanisms inherent 
in the application, the prime-mover (and allied inventory) is initially considered 
and performance relations to assist in a load-centred DRA design are developed. 
The discussion then precesses through to weighing the effect of the changes in the 
different parameters on the performance of the prime-mover within a working DRA. 
One of the major precepts of the research is decoupling the energy demand from 
supply and, as such, mechanisms of load control (and relocation) have been borne in 
mind. Thus, the issue of thermal insulation is revisited, considering the merits of the 
insulation design. Finally the the time-temperature lag due to the DRA compartment 
insulation has been investigated as an avenue for altering the appliance's load (and 
thus energy) demand profile. 
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And that food shall be for store to the land against the seven years of famine, which 
shall be in the land of Egypt; that the land perish not through the famine. 
-Genesis 41.36 (KJV) 
3.1 Introduction 
Earlier on in section 1.2.2 on page 9, inference was as to the possible role ther- 
mal energy storage (TES) could play in addressing the issue of increasing energy 
consumption efficiency in DRA's. This chapter takes a deeper look into the technol- 
ogy of energy storage (ES), focusing on thermal energy storage with a particular 
slant towards the intended (DRA) implementation. The pros and cons are exam- 
ined, as well as the necessity of ES in general, highlighting why TES is suited to 
this application and discussing the various facets to implementation of a workable 
scheme. 
There is a huge interest in secondary energy storage for economic and technolog- 
ical reasons, amongst others. Even after several decades of research, the subject still 
has a huge following and the enormous bibliography on the subject is ever increas- 
ing. Perhaps the reason for this pedigree lies, on the one hand, in that it grapples 
PhD Thesis 0 1999 Crunfield University -Refrigeration 
Appliances: Performance enhancements via novel Thermal 
- 
Energy Storage- 
3.2 Energy Storage 76 
with the optimisation of predictions of several transient (and in some cases stochas- 
tic) quantities e. g. energy availability, energy supply and energy demand and on the 
other, that nagging at potential solutions are issues that are not easily quantified 
e. g. nuisance value, toxicity, acceptability, reliability etc. The following attempts 
a brief overview of the available (secondary storage) technologies with the view to 
highlighting the salient points pertinent to this work'. 
3.2 Energy Storage 
Energy storage (ES) is intrinsic in almost every process contingent of some kind 
of energy inter-conversion. Sometimes the energy inadvertently stored within a 
system, on account of the system's nature or design, can constitute major causes of 
energy inefficiencies e. g. heat exchangers, regenerators etc. [Weston, 1983]. However, 
in many cases, particularly in those where there are periodic variations in either the 
system's input or the output demand, the process energy-utilisation efficiencies can 
be enhanced by the inclusion of the appropriate kind of energy storage 2. However, 
in doing so, there must be an awareness of the implications and limitations of ES. 
Energy storage can in no wise be considered an energy panacea. Energy stores 
do not 'save' energy in their own right [Wood et al., 1983], nor is storage a substi- 
tute for efficiency'. In fact the processes attending energy storage (charge, hold, 
discharge) are sources of energy losses'. In the pertinent case of thermal energy 
storage (TES), energy and thermodynamic availability are always lost during the 
storage and recovery processes. 
Resolution of this apparent contradiction (that it is undesirable yet, expedient) 
is to be realised in understanding that: (a) ES can facilitate energy-cost savings 
when utilised as an aid to energy management' of complex thermal systems and 
N in some instances expedient use of energy storage technologies may serve to 
enhance the energy conversion efficiencies of other components within such complex 
systeMS6. Most proponents will agree that there is no single solution to the 'energy' 
problem and that technical, technological, demographic, cultural and social factors 
'For a fuller treatment see either Lane (1983) or Jensen and Sorenden (1984). 
2 Essentially, ES permits better phasing of supply and demand. 
3 However, while it is true that energy conversion efficiency may not be enhanced by ES, the 
energy utilisation efficiency may be improved. 
4 Typically, associated with energy conversion and transfer processes are irreversibilities, so from 
a thermodynamic perspective ES's are undesirable [Bell, 1991]. 
'Usually for waste recovery and/or control; here ES will be deployed as a DSM facilitating mech- 
anism. 
6 The particular case of a TES acting as a thermodynamic reservoir for a (Carnot-type) refrig- 
eration cycle is one of the central ideas of this research. 
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will have to be brought to play [Bell, 1991]. However the ensemble of ES technologies 
form a potentially important subset of the kernel of available enabling technologies. 
These may be used for maximising both cost effectiveness and energy conservation 
potential of existing capital equipment. 
3.3 Applications, Benefits and Requirements 
As energy demand (and/or supply) can vary hourly, daily, seasonally etc., ap- 
propriate solutions to energy storage problems will depend largely on local circum- 
stances. It is important to differentiate between the real variation in energy demand 
and that which is apparent or artificially induced [Weston, 19831. Thus, the decision 
as to the required scale and when to employ ES can be a difficult one. As ES is a 
load-smoothing device, the load factor (the ratio fraction of the peak load to the 
base load) can be indicative of the effectiveness of the use of the capital resources 
intended for an implementation'. ES technology is indicated in situations where: 
Temporal (preferably periodic) imbalances occur between the supply and de- 
mand for energy (more exactly, power) [Soderstrom and Johansson, 198312 or, 
a constant low power density supply is to cater for periodic higher-powered 
demand rates [Nissen, 1979]. 
There exists a recoverable surplus of energy at a sufficiently high potential, 
after the application of all cost-effective conservation measures, i. e. energy is 
a waste product [Bell, 1991; Soderstrom and Johansson, 1983]. 
ES may also be considered in situations where it is desired to: 
9 Reduce the requirement for (transiently) high potentials [Bell, 1991]. 
* Reduce the frequency of equipment cycling [Bell, loc. cit. ]. 
When the requirement exists for a crucial backup against down-line supply 
failure or, for enhanced/rapid 'power' production [Edwards, 19841. 
Effective ES applications have to be carefully researched and designed for an 
application. In several instances there is the residual impression that ES technolo- 
gies are retro-fitted in 'last ditch' attempts at exergy conservation or to salvage 
an ailing energy management strategy. Indeed several seemingly valid ES schemes 
'The aim being to decrease the load factor, equivalently, to reduce the 'worst case' maximum 
power rating. 
2 Traditionally, these have been handled by the storage of fuel rather than energy [Lane, 19831. 
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have floundered on some apparently ancillary issue. Edwards (1984), identifies sev- 
eral such 'essential secondary' issues which must be taken into consideration Nvhen 
considering an intended ES strategy; these include: 
4P Aesthetics and practical applicability within a realistic environment. 
* Economic competitiveness. 
* Environmental impacts. 
o Nuisance. 
" Reliability. 
" Safety. 
As with all commercial products, investors will want quick return on their in- 
vestment and ES can be capital intensive [Wilson and Glendenning, 19761. Economic 
feasibility of energy storage is roughly dictated by three parameters [Zegers, 1983) 
Viz: 
The number of storage cycles per year. The Pay Back Period (PBP) varies 
inversely as the yearly frequency of store charge-discharge cycles [Dou- 
glass, 1980]. 
e Capital investment cost. 
e Energy cost and running cost. 
Energy and therefore financial savings are directly proportional to the number of 
cycles per year, short cycle periods being potentially more cost effective than com- 
paratively longer cycle periods. Clearly an economic constraint on the cycle period 
can be determined to suit a particular application. However, as the process cy- 
cling periods reduce, it becomes necessary to charge the store at increasingly higher 
powers. Thus a further technical constraint, in addition to the above economic con- 
straint, must be applied to the data to exclude those processes where the required 
'transfer' power density exceeds that which is feasible for a particular storage tech- 
nology, see Wood et al. (1983). Apart from the economic PBP, another important 
issue is the expected lifetime of the storage system which ideally, should be as long, 
if not longer than that of the device of which it is a part'. The lifetime of such 
systems is therefore defined by the number of (charge and discharge) cycles that can 
be obtained before the energy storage density falls off to a certain percentage of the 
original value'. The life cycle of secondary energy storage systems may also impose 
'Failing that, the ES should be quickly and easily replaceable. A bad and good example of this 
is the car battery. 
2 This lifetime, called the 'life cycle', has to be distinguished from the non-operational shelf life. 
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technical limitations for certain applications and may become a decisive economic 
factor. 
In the light of these and the hitherto mentioned thermodynamic shortcomings 
of the technology it is advantageous to ensure that, irrespective of the genre of 
the storage intended to an application, the size' of the store should be the mini- 
mum permissible. The preference is to options with high energy storage densitieS2 
(the reversibly recoverable stored energy content per unit volume) and high specific 
energies (the energy content per unit storage mass) [Zegers, 1983]. 
In considering the efficacy of any given storage option, it is necessary to consider 
the number of additional energy transformations, inter-conversions and transfers 
that will be incurred as a result of the inclusion of such a system in the energy 
flow process. Each transitory process/stage would introduce its own unique set of 
irreversibilities and hence further compromise storage process efficiency. As such, 
the exact storage mechanism(s) employed should be as few and as relevant' to the 
end use energy type as possible, to limit the number of transitory stages necessary. 
Similar conclusions can also be reached from considerations for limiting complexity, 
weight and cost. In addition to this, systems which minimise their total energy loss 
(transfer losses, transformation losses and storage losses) are generally sought and in 
many cases size tends to play a significant role such that the preference is for storage 
media with high energy storage densities. However, this has to be weighed against 
the energy quality durability within the storage medium/mechaniSM4 , as energy 
stockpiled in some stores/forms tends to degrade faster than others (principally due 
to problems with containment). Thus associated with every ES implementation is a 
unique energy storage efficiency: 
Eretrievable 
7713s Theoretical Storage Capacity (TSC) (3-1) 
PE 
PP xT 
'In terms of both physical size and energy content; for reasons of space conservation and energy 
loss (degradation, leakage etc. ) during storage, respectively. 
2 The distinction between the notions of energy storage density and the energy density, however 
subtle in appearance, must be recognised. The latter, without the storage qualification, implies 
the total amount of energy inherent in the medium cf. mass density [Lane, 19831. Throughout this 
work the dealing is, unless otherwise stated, solely with regard to the energy storage density pE. 
3 In the sense of limiting the entropy changes that attend energy inter-conversions and/or trans- 
fers. 
4 In general, it is not the case that energy stored will remain immutable in quantity and quality. 
There are losses associated with the transmission of energy to and from storage, and the energy 
stored within the medium itself may alter depreciatively during storage. 
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where TSC 
Ir =P 
In most ES implementations, the charge and discharge powers tend to vary ex- 
ponentially with time (as does the store energy content) e. g. the discharge power 
P 
&_ =A- exp 
(-m t), (where A, m are modulation and time constants respectively). 
As a result of this, some cut off point is usually defined (particularly in the case of 
the discharging) to (a) limit the cycling time to within some reasonable length and 
W ensure that the retrieved (or charge) power density meets a given requirement. 
Typical discharge cut-off times are' M the time for the power density falls to half 
its (initial) maximum value til, = In (ýý2_) and (ii) the time corresponding to the 
inverse of the time constant i. e. when the power density, P, falls to exp (- 1) of its 
maximum value texp(- 1) =M-'. Thus the mean power, P defines as: 
tcut off exp (-m t) 15 = 
fO 
tcut 
off 
0 
Aside from the notions of energy storage density and energy storage efficiency 
are the relevant notions of energy quality and energy availability. Energy quality 
derives from the thermodynamic description of energy in terms of the so-called 
extensive parameters (S, V, N, etc. ) i. e. the fundamental equation. Inherent in 
these are the magnitude-independent, intensive parameters (T, P, P, etc. ) or energy 
potentials, which together determine accessibility between thermodynamic states, 
see Callen (1960), Chapters 1,2 and 14. These energy potentials characterise energy 
quality, a distinguishing concept which determines relative admissibility of equi- 
energetic quanta among end uses. Depending on this quality, equal amounts of 
energy (even of identical forms) may be restricted in end-use applicability. 
Energy availability (or exergy) is described, thermodynamically, as the 'free en- 
ergy' (usable) fraction of a given amount of energy i. e. the work (mechanical, electri- 
cal etc. ) equivalent of energy. It defines the second law (process/entropy) efficiency 
(see also section 1.4.1 on page 13) of the storage systeM2 and is defined in terms of the 
so-called thermodynamic potentialS3 see Callen (1960), Chapter 5 and Tiza (1977), 
pp. 53 ff 
The flexibility of an energy system is therefore highest when storage possibilities 
for high quality energy are available. Decreases in energy quality occur during 
'For the case of charging, cut-off is usually defined when the input power is within a few percent 
(usually less than 10%) of zero. 
2 As opposed to the first law (task/device/energy) efficiency which defines the maximum effi- 
ciency of a task, the second law can differentiate, in terms of efficiencies, between different alternate 
admissible processes for a given task. 
3 Helmholtz potential F=U (T), Gibbs function G=U (T, P), etc. 
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the transfer of energy to and from an energy store. The transfer of energy may 
involve some degree of energy conversion, and usually the related fraction of low 
quality energy is called loss or waste. It is called so because it is not used. and not 
because that part of the total energy has disappeared. After Cohen et al. (1983). 
the effectiveness of a store/storage process may be defined: 
Eretrievabie 
E 's Edelivered 
Eout 
fES - 
Ein (3.2) 
Eout Estored 
E3tored Eout 
E in ýE out 
In the event that there are several transmission and or conversion processes, each 
with a unique Estage, the resultant is: 
n 
CES = 11ci (3-3) 
i 
Conversion may be one or more of several types: 
9 Conversion of high quality energy to a lower form (degradation). 
Conversion of low or medium quality energy to energy of higher quality' (up- 
grading). 
Conversion of one high form of energy to another high form of energy (trans- 
mutation). 
For an energy storage system to qualify as a good system, it must possess the 
potential to supply (a) useful energy of the desired form, in W the desired amount, 
at W the desired rate with, W minimum loss. The aim is to replace a certain 
amount of (primary) energy, by an equivalent, more convenient, readily accessi- 
ble, (secondary) energy form exhibiting better or equally good storage capabilities 
[Jensen and Sorenden, 1984]. Ideally, 'good' storage capabilities include: 
A high energy storage density. 
2. A high energy transfer efficiency. 
'Requiring some sort of energy transformer. 
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3. A high energy transfer rate or power transfer density (supply and removal). 
4. Stability of the store/storage material under energy charge/discharge cycling. 
5. A potentially long and depreciation-free (in terms of quantity and quality), 
storage dwell (or holdover) time. 
6. Modest containment and transmission requirements'. 
It is also important to bear in mind that the maximum power density available 
from a given application bears significantly on whether such an implementation will 
be suited to that application. Very few systems meet all these requirements, but 
fortunately all are not simultaneously required. Manning (1985), identifies several 
types of storage, a compendium of which is: 
" Electro-magnetic (Super-conducting magnets). 
" Mechanical storage (Flywheels, Compressed fluids, Hydraulic storage). 
Elect ro-chemical storage (Batteries, Fuel cells). 
Chemical storage' (Fuel generators). 
Thermal storage (Sensible heat, Latent heat) - 
Thermo-chemical storage (Heat of reaction stores, Heats of dissolution). 
* Thermo-physical storage (Heats of absorption stores). 
Most of the discussion here presented will, relevantly, focus on thermal /temperature- 
related storage. 
3.4 Thermal Energy Storage 
Of all the modes of ES, Thermal Energy Storage (TES) appears to be the most 
relevant to the intended DRA application, the end-use energy type being thermal 
energy. There are also effectiveness benefits to be obtained from decreasing the 
frequency of cycling the appliance prime-mover and limiting the maximum load 
demand thereon (see section 1.4.1 on page 13). 
'These last two (5 and 6) appear to pose the severest requirements on ES systems [Jensen and 
Sorenden, loc. cit. ]. 
'Usually for longer-term storage. 
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Thermal energy is probably the most abundant of the easily harnessable energy 
types available. Problems with its utilisation arise due to its quality or exergetic 
potential [Cohen, 1986]. TES research is both cost- and labour-intensive because it 
necessarily involves a broad blend of theoretical, computational and experimental 
work applied recursively. As such, the field tends to be intensively knowledge-based. 
Judging from the literature, it is very easy to create a disaster, especially for longer- 
term applications. The number of variables to consider in any TES implementation 
is surprisingly large and the tendency is for different researchers to attach different 
weights to different properties, making different aspects the focus of their research. 
This has, at times, led to a failure to give sufficient attention to some important 
aspect of an implementation before full-scale experiments are embarked upon, with 
inevitable results. Lane (1983), details some examples of this, along with the lessons 
that are to be learnt from the various experiences. 
Despite the vast amount of work which has gone into TES research, there still 
exists the requirement for economic, reliable, efficient, compact, isothermal TES's to 
provide a management tool for shifting energy conversion to higher revenue peri- 
ods [Eissenberg and Wyman, 1980; Dinter et al., 1991]. While indeed, technically- 
sophisticated TES's have been be built, tested and issues of systems optimisation and 
cost minimisation addressed, many of these have never left the laboratory/ research 
stage. Excepting a few cases Telkes (1949), Freedman and Dudley (1974), Lorsch 
et al. (1976), Telkes (1977), Sousa (1989), Augood (1997) these have tended to be 
for applications operating around or above ambient. Given the current state of the 
technology, a surprisingly small number of applications are designed with TES as 
an inherent part of the energy management strategy, the tendency being to have 
applications retro-fitted with TES. 
Whereas store charging with, and/or to, higher potentials than needed can 
severely limit the usefulness of the store', low charge/store potentials tend to en- 
gender greater proportional transmission losses (on account of the increased time 
available for losses during transfer) [Fearon, 1984], incur excessive transfer times and 
provide meager energy transfer (on account of the low store potential), thus hamper- 
ing any associated energy management process'. Methods for optimising between 
these two criteria are dealt with by Bejan (1982b). In most cases degradation during 
storage has to be taken into account; due to problems of containment (insulation 
and isolation), there are difficulties in storing thermal energy over long time-scales 
i. e. seasons. This suggests the adoption of a short-term 'load-centred' approach to 
TES design whenever feasible. In the event that longer-term energy storage is re- 
'Higher charge potentials will cause an increased loss in thermodynamic availability; also higher 
storage potentials increase the propensity for store/storage associated losses. 
2A TES charged to, or with, an insufficient thermal potential is virtually useless. 
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quired, such requirements may be more advantageously met by other storage means, 
see Wilson and Glendenning (1976). 
3.5 Thermal Energy Store Types 
TES devices may be classified in several categories. For instance, a broad classi- 
fication may be based on the mechanism(s) attending the energy transfer process 3- 
Passive storage Active storage 
No working fluid. Typi- Direct Storage: Working Indirect Storage: An 
cally used within the in- (heat transfer) fluid is auxiliary thermal store is 
tended application as a the storage medium. employed. Typically re- 
stabiliser Used in applications quiring greater heat ex- 
where thermal imbal- change inventory (cost). 
ances within the system Usually located extrane- 
are over longer distances. ous to the application, 
can be quite large. 
Table 3.1: TES classification by associated energy transfer mechanism 
Another important criterion for classification is the dynamics of the storage 
mechanism. This section highlights the kinetic differences of different thermal stor- 
age regimes as they bear upon the choice of a TES medium. 
Thermal energy storage entails the storage of thermal energyl utilising either the 
physical or chemical properties of some storage medium. Basically there are three 
types of TES (in increasing order of implementation complexity) viz: sensible, latent 
(LH) and thermo-chernical heat storage. They differ in (a) the amount of heat that 
can be stored per unit weight or volume of storage media, (b) the temperature-time 
history of the medium during heat storage and retrieval, W the relative values of 
the different process efficiencies and W the degree of complexity and the relative 
state of development of storage technology at the present time [Lane, 1983]. 
Just as 'phase change material Latent Heat Thermal Energy storage' (PCM-LHTES) 
offers an order of magnitude markup in heat storage capability when compared with 
sensible heat media, thermo-chernical heat storage technology has the potential of 
an order of magnitude markup over LH storage. In deciding on an implementation it 
is important to bear in mind what would constitute an acceptable level of complexity 
3 Which in effect determines the limit of applicability of the TES application. 
'In this case, i. e. applied to DRA's, the pertinent form is coolth for direct use within the refrig- 
erator (no other energy conversion processes). 
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for the TES system, alongside other issues like cost. In some cases it is possible to 
combine one or more of these technologies to greater effect, see Scarinage (1979). 
This can be effected by employing series or parallel thermal store arrangements or 
in some cases by a combination of both. The following goes on to briefly consider 
the various technologies in increasing order of relevance to the present. 
3.5.1 Thermo-Chemical Energy Storage 
This consists of TES utilising non-physical processes i. e. in a strict sense those 
involving some chemical interaction within the storage medium. A less rigorous def- 
inition would include all those processes in which the evolution of heat is incidental 
to the phenomenon. A few examples of these are Heats of concentration, absorp- 
tion, adsorption, reaction, osmosis [Bell, 1991; Kauffman et al., 1977] and solution 
(saturation/re-saturation) [Nissen, 1979]. Such systems rely on the energy absorbed 
and released in breaking and reforming molecular bonds in a completely reversible 
chemical reaction. In this case, the heat stored depends on the quantity of storage 
material, the endothermic (or exothermic) heat of reaction' and the extent of the 
reaction i. e. conversion. Potential thermo-chemical heat applications are diverse 
(encompassing heat pumps, heat pipes, thermal transformers etc. ) as in some cases 
the mechanism can exhibit very high efficiencies [Nissen, 1979; Lane, 1983]. However 
this is not true in all cases e. g. osmosis, where the reversal of the process requires 
more energy than can be obtained from the process. The systems tend to be more 
compact than sensible or latent heat applications and suffer less energy degradation 
over time. However TES systems based on this principle also have several draw- 
backs which makes their implementation difficult, requiring a comparatively greater 
level of technological sophistication and as a result the level of implementation lags 
behind. Two examples of this are: 
Usually the attendant chemical processes require reactants that are difficult 
to contain because of their corrosive nature and in cases where adequate con- 
tainment is achieved, the mechanisms by which heat can be transfered to and 
from such storage media are greatly compromised. 
One general mandatory characteristic of any storage medium is the ability to 
rapidly cycle the systems. Many chemical reactions have their equilibrium bi- 
ased in one direction such that the reverse reaction is either impossible or may 
require several energy-intensive intermediary stages to recover the reactants of 
the initial reaction. Such systems although conceptually possible are difficult 
'These can be paired up for the purpose of charging and discharging. 
PhD Thesis Q 1999 Cronfield University -Refrigeration Appliances: Performance enhancements via novel Thermal - Energy Storage- 
3.5 Thermal Energy Store Types 86 
to realise in practice due to the necessary equipment and the several stages 
involved. 
These are in addition to these other implementation-specific problems like mon- 
itoring and control [Cohen, 1986], fouling and re-solubility [Nissen, 1979]. The tech- 
nology is summarised in detail elsewhere in the literature, see Lane, loc. cit. 
Physical Process Heat Storage 
In the last section, the consideration was on energy storage processes which utilise 
non-physical processes. This section (and most of all that will follow) will deal with 
thermal storage systems that use physical processes. This, as noted earlier, can be 
broadly categorised into two groups viz: sensible and latent heat storage. 
3.5.2 Sensible Heat Storage 
In this case thermal energy is stored as sensible heat i. e. changes in the energy 
content of the storage medium are perceptible as changes in the bulk mean temper- 
ature of the store (i. e. its thermal potential). The amount of heat stored depends 
on the heat capacity of the storage medium, the temperature change undergone by 
the medium and the quantity of storage material. This kind of storage is apparently 
the most common type of TES application, as seen in domestic hot water tanks, 
regenerators etc. [Lane, 1983; Jensen and Sorenden, 1984]. Implementation of this 
type of storage process is relatively straightforward; however, there are also several 
drawbacks to it which limits its usefulness. 
In general the achievable energy (storage) densities and specific energy contents 
in sensible heat thermal stores are much smaller in comparison to those that 
can be achieved with other methods of thermal energy storage. 
The thermal exchange takes place over a range of temperatures; thus the 
transfer of energy will vary over time. In such cases the energy exchange 
effectiveness worsens as the temperature difference between the thermal store 
and its discharging medium approach the same temperature. 
9 There are irreversibilities associated with temperature changes in both the 
thermal store and the discharging medium (see the analysis commencing on 
page 50). This poses severe restrictions on the cost and efficiency of the stor- 
age process. It is with these types of stores that the notions of energy avail- 
ability and quality are most readily associated. In that regard (i. e. second- 
law efficiencies), sensible heat systems are inherently inefficient [Bejan, 1978, 
1982a, 1982b; Adebiyi and Russell 1987]. 
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The effectiveness of TES's of this type can be enhanced if stratification consider- 
ations (in liquids) are borne in mind [Al-Muslahi, 19791. 
3.5.3 Latent Heat Storage 
In latent heat storage systems, the thermal energy is stored by utilising the 
reversible thermal energy change associated with a first-order' phase transition. 
Solid-liquid transformations are the most widely used, although solid-solid (typ- 
ically, second-order) transitions have been [Benson et al., 1985] and are still being 
investigated [Lloyd, 1998]. These single-state phase transitions tend to produce 
only circa 30% of the enthalpy changes of comparable multi-state phase transitions 
[Zegers, 1983]. Solid-solid LHTES tend to be for higher temperature applications' 
(comparison to the ambient) and, in contrast to multi-phase transition materials, 
they are easier to handle. Liquid-gas and solid-gas phase changes involve, increas- 
ingly in that order, the most energy of the possible latent storage methods. However, 
the gas phase is bulky and difficult to store [Lane, loc. cit. ]. In fact problems of the 
fluid phase containment pose a major consideration in TES installations, introducing 
further restrictions (rigidity, isolation etc. ) on the container design. 
Phase change material (PCM) TES systems may be thought of as second genera- 
tion subsystems, in the context that (fluid and solid) sensible heat systems might 
be considered as first generation energy storage systems. In general these latent 
heat thermal energy stores (LHTES) do not suffer (or do so to a lesser degree) the 
drawbacks that attend sensible heat thermal storage. Generally, compared to sen- 
sible heat TES's, LHTES's potentially offer the following advantages, [Manley and 
Smith, 1983]: 
* Permit smaller store sizes as the energy storage density is higher. 
Permit the use of lower temperature differences between storage and intended 
use. This has ramifications with respect to availability losses during energy 
transfer and hold-over storage, typically exhibiting substantially better overall 
process efficiencies [Adebiyi and Russell, 19871. 
*Substantially isothermal charge-discharge operation. This permits better 
overall process control, particularly in cases where one fundamental function 
of the TES is to ensure thermal stability. 
'Apparently, there are several orders of phase transitions, characterised loosely by the severity 
of discontinuities the physical properties undergo, the stability of the ensuring states etc. Good ex- 
amples can be seen in the Carbon-Iron phase equilibrium diagram where several solid 'phases' exist 
at different temperatures; expositions on the subject is given in Callen (1960) and in Tiza (1977). 
'Although, eutectic cold-storage applications are increasingly being developed. 
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* Afford higher energy exchange rates to and from storage [Rarid et al., 1990]. 
There are also thermodynamic arguments which may be adduced as to the supe- 
riority of latent heat storage over sensible heat storage. The following is a simplified 
sketch of one such argument with a few auxiliary notes. 
n rP 
Discharge Str 
Q, (DT, 
Figure 3.1: Schematic diagram of TES charge -discharge cycle 
Consider the Figure 2.1 on Page 51 which is a schematic diagram of a thermal 
store and the allied charge (at T, 
_, 
) and recovery (at T,, _) 
temperature streams. 
Neglecting the losses from the store and the allied transfer processes and assuming: 
1- to be the aniouilt of working heat the store is to cater for. 
(mC, ),,, the thermal mass of a (sensible heat) store. 
(AT,,, ) 
... j,, 
is the mininium logarithmic mean temperature difference for process - 
admissible heat transfer. 
(mQ),,,, is the latent heat, storage equivalent of the heat storage requirement 
qv. 1. 
In tile case that the storage is of the sensible heat type then: 
(Tnc, )ý. (TA_ - TA+ - 2. (AT,, )IT, ill 
(Mcp)ss 2. (AT,, ), lil, 
) 
PhD Thesis Oc 1999 Crunfield University -RefrigerationAppliances: 
Performance enhancements via novel 
Thermal 
- 
Energy Storage- 
3.5 Thermal Energy Store Types 
and for a latent heat store: 
(TnQ). 
Thus for equivalent storage capacities: 
MQLH = (Tncp)SH (AT&_, 
A+ -2- 
(ATL,, ). 
i,, 
) 
89 
The entropy (AS,, +,, _) 
generated in one storage (charge-discharge) cycle is thus: 
Qout Qin > TT 
In this case where losses are neglected Qj,, = Q,,., ' and thus 
11 
AS (mCp),,, (AT,, 
_,, + - 
2. (ATLM)min 
TA TA- 
(3.4) 
=Q T T, 
( 
A+ A- 
This equation, eqn (2.4), is invariant (under the current set of assumptions) irre- 
spective of whether the storage type be latent or sensible. However, the definitions 
of T,, 
_ 
and T, + would vary 
depending on the storage type, for the following reason: 
the amount of heat stored in the sensible heat store is dependent on the temperature 
range mcp over which 
it operates. For latent heat storage however, there is no need 
(Q) 
for this thermal gradient for energy storage. The implication of this is that while, 
in the sensible heat case, the minimum temperature difference between the charge 
and recovery streams and the sensible heat store operating temperature range must 
be at least (AT,,, ) .. in, 
in the latent heat storage case this (charge-discharge stream) 
temperature difference is simply 2-(AT,,, )min , 
From Table 2.2 on page 52, it is clear that more entropy is generated as a result 
of the sensible heat storage process. This entropy is proportional to the loss 
in exergetic potential from the energy stream. The implication is that more 
thermodynamic work (W) is required to produce the same amount of cooling 
in the recovery stream'. This is evident in the requirement for a greater charge 
potential (T,,, +). 
'In this case (coolth storage). Also note that Q is negative, reversing the order of the subtrac- 
tion. 
'Were this a heat engine, the logic would be the converse where more heat would be required 
to produce more work. 
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Storage 
process type 
Sensible heat Latent heat 
Recovery T T 
temperature A- 
Charge T (2 - 
(ATLM)min +Q T -2-(ATL,, )min 
temperature (MCP)SII 
Entropy Q- Q- 
generated 2-(ATLm)min+ (MCP)SH 2-(ATLm)min 
(minimum) T --(T --[2-(ATLm)min+( -C2 )]) (MC ) 
T -(T -2-(ATLm)min) A ,a r P S11 ,, 
Table 3.2: Comparative (minimum) generated entropy for the charge-discharge 
process 
The situation is much worse when one considers comparatively the losses each 
storage type engenders. If one assumes a similar heat transfer coefficient for 
both stores, then the heat loss from the sensible store will be greater than that 
from the latent heat store on account of the higher mean store temperature 
which the former operates at. 
Sensible heat stores tend to require a larger amount of technology to produce 
constant temperature output streams when compared with latent heat stores. 
This is because of the storage temperature gradients which must accompany 
sensible heat storage. 
Latent heat stores on the other hand require considerably larger heat exchange 
inventories to transfer similar proportions of heat when compared to similar 
sensible heat stores. This is because of the small temperature gradients which 
are available for energy transfer 2- 
Another down side is that a substantially higher level of technology is re- 
quired to bring (PCM) LHTES to fruition. According to Telkes (1949,1975, 
1977), several applications failed because of problems with corrosion of the 
containment vessel, phase segregation and incongruent melting, and success in 
application has not been uniform, nor economic competitiveness conclusively 
demonstrated. 
3.5.4 Latent Heat Media Selection Criteria 
Although there exists an incalculable number of crystalline compounds and mix- 
tures that might suffice as candidates for LH storage materials, most can be rejected 
2 For this reason, in (PCM) LHTES applications, some degree of sub/super cooling is sought. 
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on the basis of economics, safety and general (physical, chemical and thermal) prop- 
erties. While it is true that a wide range of candidate materials and configurations 
have been identified (certainly more than there are applications to put them to) 
[Hale et al., 1971; Humphries and Griggs, 1977], less than 20% of the vast number 
which remain have received detailed experimental attention. It is thus inappro- 
priate to identify a single system as having the greatest potential for near-term 
acceptability because there are too many candidate materials on which the requisite 
data and experience have not been obtained yet. The knowledge-based nature of 
the research indicates the strong need for a compendium of carefully standardised 
experimentally-determined properties and relevant phase diagrams of candidate ma- 
terials. The data should include detailed information as to the precise descriptions of 
the compositions employed e. g. eutectics vs. non-eutectics, temperature(s) of phase 
change, thermo-physical data, transport properties, thermodynamic properties, ob- 
served chemical reactions, other pertinent kinetic information e. g. congruence, ease 
of nucleation, rates of phase change etc. as well as information regarding safety e. g. 
toxicity, inflammability etc. and the various potentials e. g. electrochemical (galvanic) 
etc. which would given indications as to material compatibility. 
LHTES systems, like all other types of storage systems, have their own set of 
unique problems. Fýrom considerations of storage efficiency the rate of heat removal 
should not exceed that dictated by the maximum velocity of the thermal front which 
would sustain an isothermal phase on either side of the phase front. This is to prevent 
excessive temperature excursions within the storage medium, effectively making it 
a sensible heat storage process. LHTES's are limited by the thermal diffusivities of 
the storage material medium, a problem which worsens with growth in the solid 
phase [Marshall, 1981]. This limits the maximum unaided power density at which 
store charging and discharging can take place. The (energy transfer) situation is 
slightly better in the liquid phase, as convective vortices are set up within the 
liquid which aid the heat transfer [Peube and Hewitt, 1976]. However this tends 
to exacerbate the overall situation somewhat, in consequence of the differential in 
the maximum rates of heat transfer between both phases giving rise to a hysteresis in 
the heating and cooling curves as observed with DSC [Priestnall, 1985; Bahar, 19801. 
This hysteresis can make energy-regulation difficult [Marshall, 19811. In order to 
circumvent this problem many different devices have been employed, principally in 
the form of extended surfaces, the most common (from the literature) being PCM 
encapsulation. The technology (encapsulation) is also important in the control of 
phase segregation (in multi-component systems); however, its soundness is yet to 
be demonstrated and there are reports of the technology inhibiting nucleation, see 
Gladwell (1979). 
PhD Thesis 0 1999 Cranfidd University -Refrigeration 
Appliances: Performance enhancements via novel Thermal 
- 
Energy Storage- 
3,5 Thermal Energy Store Types 92 
Thus there still remains the requirement for an efficient, reliable and controllable 
mechanism by which energy transfer to and from the LHTES can be effected. Table 2.3 
on page 58 attempts to categorise a few of the important parameters in LHTES, while 
Table 2.4 on page 61 lists a few known problems and the current methods being 
investigated as solutions. Lane (1983), op. cit., gives a history of LHTES applications 
and a brief synopsis of applications where they have been pressed into service; the 
work highlights a number of interesting patents. 
Desirable properties for candidate PCM-LHTES media 
Properties I Phenomena I Comment 
1. Thermal 
properties. 
Suitable phase 
transition 
temperature 
High latent heat 
of fusion 
The temperature at which phase transition 
takes place must suffice to ensure the 
minimum (thermal) potential difference 
for the required energy transfer rates. 
The unit mass latent heat (LH) of fusion in 
effect defines the size (volume and mass) 
of the TES. High LH values ensure high 
energy storage densities (PE)- 
These include high (I) specific heat 
capacities, (II) heats of fusion, (III) 
thermal conductivity. In general, 
inorganics tend to have better heat 
transfer characteristics than organics; 
Good heat however it may be difficult to find a 
transfer suitable inorganic PCM compound. Organic 
properties compounds, although they can possess 
high heats of fusion, tend to be lower in 
thermal conductivity, inflammable with 
low flash points, exhibit low temperature 
instability and have varying levels of 
toxicity'. 
Congruence (in composition and transition 
temperature) is a real necessity. Materials 
Favourable b 
having lower heat of fusion are to be 
phase equilibria 
preferred above higher heat of fusion 
2. Physical materials on the basis of possessing more 
Properties. favourable melting characteristics', also 
see qv. (3). 
... continued on next page 
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... continued 
from previous page 
Properties I Phenomena--ý Comment 
Low vapour 
pressure 
3. Chemical 
properties 
Geometric 
stability during 
thermal cycling 
(i. e. across 
phase change(s)) 
High mass 
density 
Long term 
chemical 
stability 
Low vapour pressure materials are 
preferred as these tend to be less 
influenced by changes in temperature. 
This is especially important as the 
induced pressure changes can damage the 
containing vessel and/or alter the 
phase-transition temperature of the PCM. 
Volumetric (and hence mass density) 
changes can be a real hindrance to 
effective implementation of PCM-TES's. 
Notable is gap formation, as a result of 
medium contraction, impairing heat 
transfer and/or stress damage to heat 
transfer inventory on expansion d. One 
manner in which this can be handled is to 
use snug-fitting deformable enclosures e. g. 
thin plastics may be used within 
permissible environments. 
This will help to ensure higher M energy 
density (PE) and, (II) volumetric thermal 
capacity (mC, ) storage, essential to limit 
TES size'. 
With respect to chemical stability and 
compatibility, longer term instabilities 
may be a problem (e. g. accelerated aging 
f); oxidation, thermal decomposition, 
hydrolysis etc. may well rule out an 
otherwise favourable PCM. In such cases, 
the longer term consequence of not using 
an inert material may make an initially 
economic and ostensibly technically 
acceptable implementation untenableg. 
... continued on next page 
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... continued 
from previous page 
Properties Phenomena Comment 
As noted earlier, different research groups 
attach different weights to each of these 
properties. However the bulk of the 
literature tends to suggest that the failure 
Compatibility to rate phase equilibria, in particular, 
with materials segregation (and the formation of 
of construction meta-stable states), and the particularly 
high tendency for the occurrence of 
corrosion, high in the ordering of priorities 
will most likely ensure that an 
implementation failsh. 
Safety is an important issue, hazardous 
Low/non- (toxicity, corrodibility, flammability, 
toxicity nuisance) and ultimate disposal 
Low considerations should be addressed early 
flammability on in the PCM evaluation. Howbeit, it is 
potential also important to bear in mind that, with 
No nuisance the exception of a few cases (e. g. water), 
factor the notion of absolute safety is a deception 
If super-cooling does not exist, the rate of 
heat extraction can be slow. Typically a 
PCM is selected with circa 5-10 'C 
Little or no 
temperature latitude, to provide a 
4. Kinetic 
super-cooling 
sufficiently high temperature difference for 
Properties good heat transfer. Excessive 
super-cooling (> 5-10 'C) will interfere 
(if not totally inhibit) heat exchange with 
the storej - 
Sufficient 
Incomplete nucleation (especially in very 
crystallisation 
hydrated salts with several hydrides) can 
rate 
be a problem, reducing the efficiency of 
the storage process k. 
... continued on next page 
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... continued 
from previous page 
Properties Phenomena Comment 
Abundant 
In considering economics, the cheapest 
material may not necessarily be the 
Available at 
cheapest to produce; the processes 
5. Economics low cost 
involved in making the raw PCM acceptable 
as a TES may involve costs which make the 
final product prohibitively expensive as a Cost effective commercial application I. 
Table 3-3: Desirable properties for candidate PCM-LHTES media 
Notes in Table 2.3 
"[Rochester, 198 1; Lane, 1983]. 
bThis appears to be singularly the most frequent source of failure and the need to pay close 
attention to phase diagrams cannot be overemphasised [Al-Muslahi, 1979]. The literature is awash 
with examples of partial success where the technology has not been properly conceived, usually on 
this account. 
I[Telkes, 1949; Telkes and Kondo, 1980; Rochester, 1981]. 
'[Elliott and Stephens, 1976; Peube and Hewitt, 1976; Rochester, 19811. 
'[Cohen, 1986]. 
f [Priestnall, 1985]. 
Iq [Telkes, 1949; Rochester, 198 1; Telkes and Kondo, 1980]. 
h (Telkes, 1949; Telkes and Kondo, 1980; Elliott and Stephens, 1976; Cohen, 1986]. 
'[Telkes, 1949; Cohen, 1986; Elliott and Stephens, 1976; Telkes and Kondo, 1980]. 
j [Telkes, 1949; Telkes and Kondo, 1980; Lane, 1983]. 
k [Cohen, 1986]. 
1 [Telkes, 1949; Telkes and Kondo, 1980; Cohen, 1986]. 
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PCM-LHTES pitfalls and possible solutions 
Problem -FPossible Solution I Comment on effectiveness 
This is probably one of the 
greatest limitations on the use of 
TES, as the cost of suitable 
honeycomb structures and other 
surfaces can significantly increase 
the cost of the heat transfer 
inventory. The use of 
encapsulation provides a 
'potentially cheap' method for 
increasing surface areas for heat 
Typically transfer and decreasing the 
thermal-diffusivity propensity for phase segregation'. 
limited (irrespective of Its applicability is somewhat 
the phase); more severe limited however, as it tends to 
with growth in the solid inhibit nucleation and the 
phase (partially due to consequent release of latent heat. 
the loss of the convective Fluidised pseudo-eutectic 
component of the heat particles appear to present a 
Heat transfer transfer) '. Solutions mechanism for overcoming the 
Limitations include the use of inhibition of nucleation 
extended surfaces e. g. experienced by encapsulation; as 
encapsulation, the particle sizes may be reduced 
honeycomb structures to ensure thermal 'lumped 
etc.. More recently b7 capacitance' behaviour and no 
fluidised pseudo-eutectic encasing material is required. The 
particles have been used technique can be invaluable in 
to overcome this overcoming the thermal 
limitation. conduction limitation inherent in 
most TES applications and results 
in (orders of magnitude) higher 
rates of heat transfer to and from 
storage, than could otherwise be 
achieved in non-mobile LHTES's. 
The technology (as with most 
LHTES technologies) is subject to 
the availability of suitable 
materials, this has already been 
addressed to some extente. 
... continued on next page 
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... continued 
from previous page 
Problem Possible Solution Comment on effectives 
These tend to alter other 
characteristics of the medium and 
the determination of an 
appropriate agent can be the 
source of extensive investigation 
Phase segregation Use thickening/gelling 
in itself. From the outset, it is 
and formation of 
agent to suspend crystals 
imperative to bear in mind that 
meta-stable f both phases have to be managed 
states and close attention paid to phase 
diagrams. There is little benefit in 
looking at either phase in 
isolation, or giving sole 
consideration to the amount of 
energy recoverable 9. 
There are reports, in the 
literature, of sub-cooling to 
ambient temperature without the 
Use nucleating agent; release of the stored Latent heat'. 
suggested methods of In such cases the need to nucleate 
nucleation include the becomes paramount. Lower rates 
use of Borax, activated of cooling do appear to increase 
Super/sub- charcoal, Ultrasonic the propensity for sub-cooling 
cooling insonation, Ultraviolet into (surprisingly stable) 
radiation, high-energy meta-stable states. Several 
spark discharge, injection methods for dealing with this have 
of cold free metal also been proposed. However, few 
surfaces h of the suggested methods are 
suitable or even effective, the use 
of 'cold surface insertion' being 
the most consistently successfuP. 
... continued on next page 
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continued from previous page 
Problem I Possible Solution Comment on effectives 
Many of the feasible salts are so 
chemically aggressive that even 
Chemical Use inhibitors e. g. 
high alloy steels cannot withstand 
Corrosion additives, oxide films k 
the process for any appreciable 
time'. It is important that this is 
one of the first considerations in 
PCM selection. 
For high-temperature 
applications, this may not be a 
serious problem, thermal radiation 
compensating for the presence of 
Use high-wetting PCM'; the gap. 
At lower temperatures, 
Changes in introduce a conducting 
the gas may be necessary; this 
volume gas into the systemn; use would 
institute high pressure 
(AV) > (5 - 10)% flexible containment 
problems on re-melting (possibly 
and/or 'thin' stores. engendering sub-cooling), 
especially if the melt does not 
absorb the gas. Flexible 
containment may not always be 
expedient, if available, as this 
tends to impair heat transfer. 
Table 3.4: Problems and possible solutions facing LHTES implementations. 
Notes in Table 2.4 
'[Rochester, 1981; Lane, 1983). 
6This appears to be singularly the most frequent source of failure and the need to pay close 
attention to phase diagrams cannot be overemphasised [Al-Muslahi, 1979]. The literature is awash 
with examples of partial success where the technology has not been properly conceived, usually on 
this account. 
'[Telkes, 1949; Telkes and Kondo, 1980; Rochester, 1981]. 
d [Elliott and Stephens, 1976; Peube and Hewitt, 1976; Rochester, 1981]. 
'[Cohen, 1986]. 
f [Priestnall, 19851. 
9 Pelkes, 1949; Rochester, 198 1; Telkes; and Kondo, 1980]. 
h [Telkes, 1949; Telkes and Kondo, 1980; Elliott and Stephens, 1976; Cohen, 1986]. 
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i[Telkes, 1949; Cohen, 1986; Elliott and Stephens, 1976; Telkes and Kondo, 1980]. 
i [Telkes, 1949; Telkes and Kondo, 1980; Lane, 1983]. 
k [Cohen, 1986]. 
1 [Telkes, 1949; Telkes and Kondo, 1980; Cohen, 1986]. 
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Cold storage was practised before refrigeration machines were developed. In 
times past, blocks of ice used to be harvested from lakes during the winter and 
kept in sawdust insulated ice houses/barns to last the summer. Coolth storage has 
been employed for a relatively long time and has been used in some air-conditioning 
systems [Freedman and Dudley, 1974; Golibersuch, 1977; Sousa, 1989; Hersh, 1994; 
Lorsch et al., 1976; Al-Hinai, 1992]. More recently, cold accumulators, ice packs, 
cold packaging et hoc. have been designed from PCM's for the preservation, usually 
during transport, of heat-sensitive products, see Lane (1983). 
DRA's, by the nature of the manner in which they are used, are prone to varying 
thermal loading conditions and thus exhibit variations in energy demand to follow 
this load pattern, see Soderstrom and Johansson (1983). The implications of this on 
the prime-mover are that during periods where there are a considerable number of 
human interactions, they tend to cycle fairly rapidly to control/curtail the temper- 
atures within the cabinet. As noted earlier, there is much, by way of energy thrift, 
to be gained from minimising the frequency of cycling of the prime-mover [Guld- 
brandsen and Norg a5rd, 1986]. Also, the diurnal nature of the ambient temperature 
tends to create a situation where there is a greater energy/power demand during 
certain periods of the (daily) day/night cycle than at others. 
Thus, from most of the foregoing, it is clear that these two characteristics may 
be adduced in proffering TES as a natural part of an overall management strategy 
for DRA's. The initial indication of this is the old wives tale that, stuffing refrigera- 
tors with old newspapers tended to 'make them work better', a fact that the results 
of one study seems to bear out. James and Evans (1990), make the observation 
that DRA's are frequently opened in use and the loading conditions range from near 
empty to crammed full. However in all cases (box evaporator, planar evaporator, 
larder fridge, fridge freezer etc. ), the incremental insertion of (appliance temper- 
ature) thermal masses i. e. food, into the appliance, not only decreased the mean 
temperatures of the appliance', but also increased the length of the refrigeration 
cycle (i. e. decreases the frequency of prime-mover cycling). In addition to this, the 
'Measured at five points within the DRA - 
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magnitude of the temperature cycle was also substantially reduced. The lesson here 
is that the judicious increase of the internal thermal mass of a DRA maj- be used to 
enhance its performance. The fact that this (thermal) form of storage requires no 
further conversion lends greater credence to TES as the first choice of the candidate 
energy storage types. A TES in a DRA can be a valuable aid to: 
The dissociation of user's habits (temporal energy demand) from both the 
energy supply characteristics and appliance operation, thus enabling the ex- 
ploitation of any temporal-tariff advantages which may be in implementation 
under utilities DSM programs. 
* The down-sizing of prime-mover equipment and thus equipment cost. 
Instigating better temperature stability within the DRA i. e. appliance perfor- 
mance. 
A reduction in the frequency of prime-mover (compressor) cycling and thus 
the energy consumption associated with these phases of operation. 
Regulating the 'cold-end' (i. e. the prime-mover evaporating) temperature, 
thus providing a means by which the in situ COP of the prime-mover might be 
increased. 
Judging from the potential advantages of the process dynamics, it seems strange 
that only very few efforts have been made to investigate this option see Michael and 
Yang (1991), Mithal and Yang (1994). 
Much of the foregone has looked briefly into energy storage; for most imple- 
mentations (typically within the thermal range of -25-150'C) the best approach 
appears to be latent heat storage, due to its: (a) high energy densities (p, ), N con- 
stant temperature energy storage and delivery, (c) stability over protracted dwell 
times (practically no degradation) etc. [Telkes, 1980; Chen, 1981; Gladwell, 1979; 
Lane, 1983; Zegers, 1983]. With few exceptions, however, the bulk of the R&D ef- 
fort has been to applications at temperatures above the ice point [Marshall, 19811. 
Methods of cold storage considered in the past have failed for a number of reasons, 
ice storage receiving limited success in air conditioning applications. The following 
section attempts to identify a possible candidate PCM for inculcation into a DRA in 
the region of (0 - 4) 'C'. 
'This temperature range would provide a sufficient thermal potential relative to the desired DRA 
compartment temperature for substantive heat transfer. 
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3.7 Thermal Energy Store Media selection 
Perusing the various material handbooks e. g. Hale et al. (1971), Humphries and 
Griggs (1977) and from other sources of literature, water appears, primafacZe, to be 
the most appropriate LHTES candidate material. It possesses: (a) one of the highest 
heat capacities of any substance known, (b) one of the highest heats of fusion per 
unit weight (and volume) of any of the conventional phase-change materials and (c) 
a thermal conductivity which is higher than for most liquids. In addition to these 
physical properties, water is: (a) kinetically stable, (b) chemically inert, (c) non 
toxic and (d) non flammable. It meets virtually all the practical requirements for a 
PCM intended for a TES application. What must be the most attractive of its features 
as an energy storage medium are its abundance and low economic cost. Other low 
temperature PCM's find it difficult to compete with water on economic grounds as a 
TES medium, see also Rochester (1981). 
That said, there are problems which have to be worked around in the use of 
water as the PCM of a LHTES. Notably these include: (a) its irregular expansion 
characteristicsi and (b) the differential expansion between the different phases and 
the containing vessel'. While the thermal conductivity of water may be compara- 
tively high, compared to other liquids, it is relatively low in the spectrum of ther- 
mal conductivities and, as with most LHTES implementations, some mechanism to 
compensate for this thermo-conduction limitation has to be devised. Water also 
suffers the same problem all multi-phase PCM's have viz: the containment of its fluid 
phase. One manner in which this can be addressed is to absorb the water with 
a rigid non-intervening matrix, which would effectively bind the water molecules 
within its structure. This essentially transforms the liquid-solid phase transition to 
a solid-solid phase transition whilst preserving the higher enthalpies of transforma- 
tion associated with the (first-order) liquid-solid phase transition. 
The technology to do this has long been available, developed by a UK scientist as 
far back as the 1970's [Kent and Page, 1980a, 1980b]. The original method involved 
the gelling of incongruent-melt phase-change materials within polymeric hydro- 
gels. Cross-linked polymers as PCM's have since been used in the development of 
'solid-solid'LHTES's [Highgate, 1977; Kaelble et al., 1975]; in some instances the pro- 
cess is characterised by improved material properties on cross-linking 3 as reported 
by Rochester (1981) here at Cranf ield. More recently, polymeric hydro-gels (also 
known as hydro-polymers) have been employed by Augood (1997) for thermal stor- 
I This can be worked around if the temperatures within which the TES operates are carefully 
controlled. 
'This may be addressed by careful choice of the containment e. g. the use of elastic materials 
(polymers etc. ) and/or the use of the least possible thickness of the PCM. 
'Polyethene (125-135 *Q and Isotactic polypropylene (155-165 *Q 
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age using water as the sole PCM. Hydro-gel preparation can be achieved by one 
of chemical, thermal or irradiative means. Non-irradiative manufacturing meth- 
ods currently tend to be very costly and usually require toxic reagents (typically 
monomers), making the range of readily available degrees of water uptake hydro- 
polymers limited'. Saler (1979) and more recently Leguay (1994) have investigated 
irradiative production methods and found them wholly satisfactory. Two major 
advantages of the irradiative method are: (a) the use of polymers (less toxic, by 
virtue of their longer molecular chains) as the primary reagents, and W commer- 
cially available doses of radiation (sterilisation doses) can be used for processing, 
drastically reducing the cost of manufacture. Further extension of the technology 
could be the possible impregnation with clathrates, to potentially deal with the prob- 
lems of phase segregation (after the manner of Kent and Page (1980a, 1980b)). This 
would, however, require a concerted and sustained research effort if the technology 
is to be brought to fruition. 
Hydro-polymers, though, do have their own brand of problems. For instance, 
high water-content hydro-polymers tend to be fragile and susceptible to fungal 
attack, with attendant degradation of their hydration /hydro-retentive properties'. 
This problem may be addressed by the utilisation of gamma (7) radiation cross- 
linking of vacuum-packed reagents for the production of the polymeric hydro- 
gels and ensuring the hydro-polymers are kept isolated post irradiation, effec- 
tively sterilising the material. Another problem is the existence of a (temperature- 
time history) hysteresis in the behaviour of modest water-uptake polymers on ini- 
tial thermal cycling, see Highgate et al. (1989), Okoroafor et al. (998b, 998a); if 
high water-content polymers are used, the aforementioned problems are not apt 
to occur. Based on the work of Leguay (1994), cross-linked Poly Vinyl Alcohol 
(PVA) i. e., -(CH2. CH-OH), - 2, in the proportions of 5-10% PVA w/w was chosen to 
be the base hydro-polymer for the current implementation. Pritchard (1970), re- 
views and discuses the chemical, physical and thermo-mechanical properties of PVA; 
the monograph includes a discussion as to its uses and technology (loc. cit. Chapter 
6). Argana(1962), pp. 88-109, also contains a discussion on PVA for the interested 
reader, who may also wish to see Buchholz and Peppas (1994). 
In the past methods of cold storage have been considered in the past and have 
achieved limited success (the reasons for this have been discussed in section 2.4 on 
page 61). The bulk of the problems which have been previously encountered will 
be circumvented utilising the proposed polymerised hydro-gel. One problem which 
would still remain unresolved is the poor coolth transmission to and from the TES on 
4 Dictated by commercial economics. Incidentally, hydro-polymers are also used as the principal 
manufacturing raw material in the production of contact lenses. 
'This has been observed in the laboratories, see Figure CA on page C-285. 
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account of the limitations of the PCM's thermal conductivity. This would be debili- 
tating to the effective functioning of the DRA in applications where large heat fluxes 
are required; especially where prospects for extending the relevant heat transmission 
areas are non-existent. In such situations, the aforementioned fluidisation process 
may be used to obtain the required heat transmission; the fluidised bed consisting 
of granulated hydrophilic material. 
3.8 Closure 
The previous chapter highlighted some of the benefits of ES mechanisms as part 
of an appliances' energy management strategy; particularly in instances where there 
may be some benefit in altering the energy demand profile. This chapter, in seeking 
to identify such an ES mechanisms, looks into ES technologies and consequently 
confirms TES as a relevant and appropriate storage technology for DRA's. It then 
goes on to highlight the different types of TES's and via a brief elimination process 
selects 'phase change material, latent heat, thermal energy storage' (PCM-LHTES) as 
the most appropriate form of storage. 
LHTES's are consequently examined and various issues regarding their implemen- 
tation are discussed. Water is subsequently identified as the most logical storage 
medium, as it doesn't suffer most of the problems which attend other candidate PCM 
materials. In closing, the chapter highlights the problems to be encountered with 
the use of water as this medium; mainly to do with heat transfer limitations and 
containment. It also proposes methods by which these problems can be overcome i. e. 
the use of fluidisation technologies and absorption within a non-intervening matrix 
respectively. 
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In theory, theory and practice are the same ... in practice they are not. C. 1: The difference between theory and practice is smaller in theory than in practice. 
4.1 Proem 
-Anon 
This chapter documents a 'proof-of-concept' design procedure for a small-scale 
(solar-powered) energy storage refrigerator. The design considers several possi- 
ble scenarios which may arise in practice, e. g. intermittent power supply, time- 
dependent differences in energy cost and time-dependent /varying user practices. 
The possible avenues and methods by which the design may be optimised are dis- 
cussed. In this analysis, the sun (solar photo-voltaic, SPV) has been chosen as the 
main energy supply source; this is because it poses one of the severest restrictions on 
the DRA design. The uncertain and intermittent character of insolation availability 
(and intensity) represents a generalisation of many other conceivable cases (see also 
Reis (1975)). 
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4.2 Design Specification 
Introduction 
This section charts the various specifications which govern the ensuing design. 
The aim was to minimise complexity, and at the same time, ensure appliance ro- 
bustness. The demands on the system (and the resultant specifications) were drawn 
up from various sourcesi and after lengthy discussions with various component man- 
ufacturers. 
The objective was to design a non-freezing, refrigerating appliance which is well 
suited for use in rural equatorial regions, or in environments which may exhibit 
similar uncertainties in energy supply as well as demand for refrigerated products. 
Several categories of applications which fall within the design target criteria are 
easily identifiable e. g. rural commerce, recreation, medicine, space etc. In considering 
any implementation, considerations of cost, weight, energy availability and reliability 
(SPV in this case), structural strength etc. have to be borne in mind. Table 4.1 on 
page 107 is a short summary of a listing of four of the more likely categories and 
the different weights attached to each consideration. 
Although the technology developed in this research can be applied to virtually 
any refrigerator in many environments, the original context of this study was to 
improve the energy efficiency of a solar powered refrigerator for use in tropical 
countries (e. g. possibly for vaccine storage). 
This research requirement was suggested by Quest Refrigeration Manufacturing 
Ltd. who built the trial equipment subsequently used in this research. It is for this 
application that the following initial design study employs the specific temperatures 
appropriate to the tropics. 
Ambient Environment 
9 Maximum daily day-time temperature, 43 ± 1'C (12 hours maximum). 
* Minimum daily night-time temperature, 15 ±1 'C (12 hours maximum). 
* Mean day-time temperature, 35'C (assumed sinusoidal, 12 hours). 
9 Mean night-time temperature, 20'C (assumed sinusoidal, 12 hours). 
Constant temperature test condition 32 ±1 oC2 . For these 
(day/night) tests, 
three hours are stipulated for the ambient temperature to reach the target 
1 e. g. [WHO, 1979; WHO, 1986b; WHO, 1986a; WHO, 1988; Silla, 1989]; [Tabassum, 1989; WHO, 1990b; 
WHO, 1990a]; [Saberi, 1991; WHO/UNICEF, 1992; WHO, 1994; ASHRAE, 1994]. 
2 43 ±I 'T is given as an alternative worst case (24 hours maximum). 
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temperature, which is then held for nine hours. This commences after initial 
stabilisation and is carried out for five days. For the 'stable running' tests, 
in a 32/43'C ambient, the device is to be loaded and stabilised and then the 
energy consumption is monitored over 24 hours. 
Internal Temperature Requirements 
9 Control temperature range 5± 2'C when stabilised and fully loaded. 
Maximum permissible internal cabinet temperature 8'C. 
* Minimum permissible internal cabinet temperature 0 OC. 
Energy Availability Due to the diurnal and unreliable nature of the energy 
supply (solar power) an auxiliary energy source is required to provide the required 
power during periods of solar insufficiency. For the current application rechargeable 
electric batteries have been chosen to provide this required energy, ensuring that the 
energy for the system is derived solely from the sun. 
" Maximum (harvestable) solar insolation during worst months 3.5-5.2 kWh/m 2 /day. 
" Maximum (harvestable) solar insolation during best months 5.2-7.0 kWh/m 2 /day. 
Power Consumption The maximum power consumption' shall be less than 
0.7kWh(,. )/24 hours for appliances with a gross volume of less than 50 litres and 
less than 0.1 kWh(, ) per additional 10 litres of gross volume at 43 'C when stabilised 
and fully loaded. 
Photo-voltaic Systems Specification The WHO specifications require that: The 
system shall be sized to enable continuous operation of the refrigerator (loaded) 
during the periods of lowest insolation in the year. The design of the battery-SPV 
system shall be such as to permit a minimum of 120 hours of continuous operation 
when the battery is fully charged and the SPV array is disconnected and the ex- 
ternal temperature is 43'C. This requirement is here extended to include the daily 
recharging of the appliance during this distress period. 
Hold-Over Capacity Longest time (hold-over condition) without solar energy 
input 72/120 hours (three/five days) 0 32'C or 10 hours 0 43'C in addition to 
24-hour test period. 
'Again based on the WHO specifications. 
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Pull-Down Tests In addition to the test requirements given in section 4.2 on the 
page before, the system requirements and the limitations of the energy consumption 
set out in section 4.2, the system is required to undergo the following, so-called, 
pull-down tests. Initially the appliance is to be allowed to stabilise (with the door 
open) to the ambient temperature (32C) for at least 48 hours. The doors are 
then closed, the device switched on with its thermostat set to the maximum (7'C) 
control setting and left to stabilise. Temperatures should be recorded hourly for 24 
hours and the prime-mover duty cycle determined (i. e. the percentage on-time over 
a 24-hour period). The procedure is repeated at the minimum (3'C) setting after 
48 hours have been allowed for stabilisation. 
4.3 Design Philosophy 
Introduction 
The philosophy behind this design is to provide a simple and effective method of 
improving the energy performance' of a DRA using (economically) cheap, reliable and 
readily available" technologies. The ideology espouses what may be viewed as a 'load- 
centred' approach to DRA design achieved by: (a) minimising the total refrigeration 
load the system has to cater for (an absolute priority), (b) effectively 'moving' the 
thermal load, principally by energy storage, to periods where it is demonstrably 
expedient to do so' and W spreading this load over the longest available time i. e. 
minimising the maximum power requirements for prime-mover operation as well as 
reducing the frequency of prime-mover cycling. 
4.3.1 Design Concepts 
This design is based on the following considerations: 
The COP of the prime-mover employed, by virtue of basic thermodynamic 
considerations, will be dependent upon the temperature difference between 
the evaporator and the condenser elements (and the ambient temperature 
obtaining during the operation of the prime-mover). 
The effectiveness of the thermal insulation used in the construction of the 
refrigerator compartment is of paramount importance, because it possesses 
'As discussed earlier, the phrase 'energy performance' connotes the totality of internal temper- 
ature stability, energy conversion efficiency and energy utilisation effectiveness. 
2 The rationale behind this is somewhat akin to that employed for thermal storage for the heating 
and air-conditioning of dwellings. 
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the potential to (a) significantly reduce the load on the system and (b) affect 
the optimal control strategy for the prime-mover. 
Within this context, a thermal energy store (TES) possesses the following po- 
tential functions: 
1. To better stabilise the internal temperature of the refrigerating compart- 
ment, thus reducing the necessity of frequent cycling of the heat pump, 
particularly during periods when there are a lot of human-appliance in- 
teractions. 
2. To enable the prime-mover to be operated at normally 'off-line' times i. e. 
(a) when, the external ambient temperature allows the COP of the prime- 
mover be maximised e. g. at night; and (b) when the cost/ availability of 
energy is such as to make it expedient to do so, e. g. low tariff times. This 
has the potential to decrease the size (and likely the cost') of the power 
input into the system. 
I To store energy in a form which may allow storage at a greater (specific 
or volumetric) capacity than in conventionally available elect ro-chemical 
energy storage'. The potential advantage in this case is for the optimi- 
sation of the size and cost of the prime-mover. 
4. To assist the distribution of coolth within the system, i. e. from the evap- 
orator to the interior of the refrigerator. 
The compartment thermal gains (an estimated 51% of the total, inclusive of 
ingress through thermal short circuits, but excluding loads associated with 
human utilisation) lag behind the ambient temperature by a time constant 
dependent on the properties and quantity of the insulation employed in the 
construction of the refrigerator cabinet. No such (considerable) lag is expe- 
rienced by the heat pump. By careful design, periods of high compartment 
heat gains may be made to coincide with periods of maximum prime-mover 
performance. This would help to reduce thermal store size as well as improve 
prime-mover utilisation 
The control hierarchy applied to the operation of the prime-mover. This is 
important as it can be used to dictate the prime-mover operating regime for 
optimum energy storage and thus utilisation. 
'As the unit cost of energy may be time dependent. 
2 The use of electric batteries are the convention; however it is acknowledged that other types 
e. g. fuel cells are available. 
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4.4 Systems Design 
Introduction 
ill 
This section deals with the schematic design of the DRA layout. It begins with the 
general appliance layout, then proceeds to the systems configuration and through to 
the conceptual designs; consideration is given to a few avenues for maximising the 
benefits obtained from utilising existing inventory. Some of the inherent character- 
istics of the individual components are looked at with the view to exploiting their 
relative location for better systems performance. It specifically does not look into 
individual parameter specifics (prime-mover, insulation, seal etc. types) as these 
are subject to the state of the current available technology. The rationale here is' 
that an inefficiently designed DRA will fare worse, when compared to an efficiently 
designed appliance ceterisparabus. This (poor design) unfortunately is evident, for 
example, in the trend of locating prime-movers beneath the storage compartment 
in DRA's, among other things, see Bell (1991). The section goes on to highlight three 
possible configurations which may be used to satisfy the current design, stating the 
advantages of each. 
4.4.1 The General Layout 
Appliance Type Given the current state of the associated technologies and the 
operating cost implications, in terms of both energy and financial economics (see 
section 1.7 on page 31), as much as it is possible, DRA designs of either the 'fridge' 
or 'freezer' type should be preferred over the 'fridge-freezer' type, as this type of 
appliance tends to be inherently inefficient. In the event that a combined 'fridge- 
freezer' is necessary, it is more expedient from a heat transfer perspective to place 
the refrigerator compartment (the hotter of the two) above the freezer compartment. 
The current design focuses on refrigerators with only passing references to freezers 
wherever it is deemed appropriate. 
Geometry The efficient thermal design of insulating cavities must take into ac- 
count the optimum geometry for minimum heat loss, z-e- the one that provides the 
greatest volume to surface area ratio. Of all simple geometries, the sphere offers the 
greatest ratio in this regard. Unfortunately, for practical as well as space utilisation 
considerations, it is rarely expedient to manufacture a spherical DRA and again the 
'See also section 2.3.1 on page 49. 
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next best alternative must be considered. Of the cuboid class of geometrical shapes, 
the cube offers the greatest volume to surface area ratio. Again, space considerations 
may restrict the implementation of such designs; however, square bases should be 
the preferred choice with regard to this. 
Access into DRA's is typically through doors located either on the top (chest-type) 
or one of the sides (larder-type). From a thermal engineering perspective the top 
access design is preferred. However, this may not always be convenient and in such 
cases the 'front-loading' option is then indicated. The current (common) practice 
of using large doors (particularly in 'front-loading' applications) in DRA design is 
questionable' due to its provision of a larger area through which air ingress may 
occur (or in the case of 'front-loading' appliances cold air falling out) whenever the 
door is opened. 
Location of the Prime-Mover On most DRA's, the prime-mover is usually lo- 
cated beneath or (more rarely) adjacent to the bottom of the appliance, literally the 
engineering equivalent to placing a stove under an ice box and stoking it at regular 
intervals! This is due to the fact that any heat generated by the prime-mover and 
expelled into the ambient air will be transmitted (convectively and radiatively) to 
the coldest part of the device (irrespective of whether or not it is a multi -functional 
DRA or not). This issue has been addressed in detail elsewhere in the literature e. g. 
Valencia (1991), Bell (1991). Ideally, the prime-mover is better remotely-located 
from the cooling compartment. For practical and aesthetic reasons, this may not 
always be feasible and what should be considered as the next best alternative is 
placing the prime-mover on (or at least closest to) the top of the device. Indeed, 
some manufacturers are practising both of these options 2. 
4.4.2 System Configurations 
In the conceptual design of the proposed DRA, apart from the basic requirements 
for the rudimentary design 3, only a thermal energy store (TES), a solar photo-voltaic 
(SPV) cell and an electric battery are to be included in the design. The electric 
battery is included to cater for the absence of solar insolation during periods when 
it may necessarily be required. The novel design philosophy here developed addresses 
the unified management of both the electric battery and the TES. The use of multiple 
'Some shop appliances have doors for each compartment which are opened depending on re- 
quirement. Indeed many 'ice cream vans' and 'lolly pop men' use appliances of this nature. 
2 One such manufacturer is INDEL "B" (gruppo Berloni) 61019 S. Agarta Felrita (localitA Ca'. 
Baldone), Pesaro, Italy. 
3 Inclusive only of those components which are expressly required for building a working appli- 
ance. 
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(cascaded) prime-movers can greatly improve the systems energy use efficiencY and 
offer additional control flexibility (for instance, running one of the prime-movers 
during high coolth demand times to augment whatever thermal storage facility is 
available, see Figure 4.1 on page 113). However, in this initial analysis this optional 
strategy is not considered for reasons of cost and simplicity. 
-------------- 
lK 
L --------------- 
------------------ 
------ ----------- 
* Heat Flow 
4 Com pressor 
8 Thermal Store 
E Refrigerator 
Figure 4.1: Comparison of single and multiple prime mover arrangements. 
Three basic design configurations were considered: 
4.4.2.1 Inclusive Only of an Electric Battery 
This configuration is a basic rudimentary system with only an electric battery, 
(see Figure 4.2 oil page 114). "Primary" energy is tapped and stockpiled in the 
battery whenever it is available and expedient and the stored energy is subsequently 
used for prime -mover operation whenever energy is costly or unavailable. This 
design has the benefit of permitting energy to be converted to coolth irrespective 
of tile energy supply (profile or costing). However, limitations to this configuration 
arise from the necessity to convert energy to coolth as is demanded by the utilisation 
pattern of the refrigerator. This may not be thermodynamically the inost expedient 
and only partially n-leets the objective of decoupling appliance energy demand and 
energy supply profiles (see section 4.3 on page 109). 
4.4.2.2 Inclusive Only of a Thermal Energy Store 
This is a similar system to that described above with a thermal store in lieu of 
the electric battery. 
ýsee Figure 4.3 on page 114). In this configuration, the -pri- 
mary! energy is converted to coolth and stored in a TES. This is then discharged 
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Figure 4.2: Schematic diagram of the elect ric-bat t ery configuration. 
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Figure 4.3: Schematic diagrain of the TES configuration. 
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Figure 4.4: 
figtiration. 
+ 
Schematic diagram of the hybrid (electric battery and TES) con- 
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during periods when prime-mover operation is inexpedient (assessed on either eco- 
nomic or thermodynamic bases) or when the prime-mover cannot be operated due 
to constrictions in energy availability. One advantage of this configuration is that 
the energy is stored in 'end-use' form. However, it possesses the limitation that the 
energy conversion is dictated by the energy availability and demand profiles, which 
may not be thermodynamically expedient. 
4.4.2.3 Inclusive of both an electric battery and a thermal energy store 
This is a hybrid system with combined thermal and electro-chemical energy 
storage (HES), (see Figure 4.4 on page 114). In this configuration, 'primary' energy 
is stored (in a battery) when it is available and is subsequently converted to coolth 
and stored in a TES during periods when it is thermodynamically advantageous to do 
so. The store is subsequently discharged independent of the prime-mover operation 
which may or may not be concurrent. This 'hybrid' configuration possesses within 
it all the flexibility of the other two configurations, (permitting the storage of cheap, 
or available, energy from supply and conversion to coolth when it is advantageous 
to do so) and is better disposed to optimisation. It does however, possess all the 
complexity inherent in both systems. 
4.4.3 General discussion on conceptual design 
These designs were motivated by the need to keep any (component) additions to 
the basic refrigerator design to a minimum. In particular, with regard to the energy 
storage options, it was borne in mind that the fewer the number of intermediary 
(energy storage) stages, the lesser the energy losses that will be incurred due to 
irreversibilities during transfer, conversions and storage hold-over. It is of impor- 
tance to note that, the likelihood of the application of the 'battery only' system, 
described in section 4.4.2.1 on page 113, in a domestic setting is small due to the 
inclusion of a battery which may be seen as an unnecessary addition to the basic 
DRA design. However, systems incorporating TES, described in section 4.4.2.2 on 
page 113 and section 4.4.2.3 on page 115, can be easily and relatively unobtrusively 
incorporated to the basic DRA design'. As discussed earlier (section 3.7 on page 101), 
phase change material-latent heat thermal energy storage (PCM-LHTES) is the chosen 
medium for thermal storage. In this regard, two different types of configurations are 
conceptualised viz: 
1-A static (or passive) thermal store: Here the energy transfer (in and out of stor- 
age) is limited by the thermal-conductive properties of the storage medium. 
'The two configurations being essentially the same in such a setting. 
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This may be conceived of two types (see Figure 4.5 on page 116 which schemat- 
ically illustrates the choices available in this context): 
a box type design, where the TES is essentially a solid 'lump' either en- 
closed within or enclosing the evaporator and, 
a planar--type design, in which the storage medium consists of a thin 
panel, contacting or enclosing, the evaporator unit and designed to aug- 
ment the heat transfer process into the interior of the refrigerator coill- 
partment. 
Insulation Insulation 
TES 0 TES 
0 Evaporator N Evaporator 
Figure 4.5: Schematic diagram of the two, box (Left) and planar (Right) 
type evaporator TES arrangements indicating options of possible location of tile 
evaporator within the TES. 
In either case (box or planar), whether or not the evaporator is completely 
enclosed by the thermal store will depend on, amongst other limitations of the 
design: 
if the quantity of storage material to be used is sufficient for enclosing 
the evaporator and, 
if the DRA cooling capacity required during the period when the store is 
being charged can be furnished (due to conduction limitations) via the 
exposed TES -store surface(s) alone. 
In the. event that the evaporator is to be completely enclosed within the TES, 
it cannot necessarily be assumed that the thermal storage medium should be 
equally distributed oil either side of the evaporator. Based oil considerations 
of the ratio of heat ingress into the system (as one side of the evaporator is 
adjacent to the cabinet wall) to the heat requirements from tile use associated 
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load, it might be necessary to distribute the quantity of storage material asym- 
metrically about the evaporator', see Figure 4.5 on page 116. 
The design of the passive TES within these conceptual designs has to be given 
careful consideration, to: (a) limit complexity, (b) reduce the necessity for a 
means of conveying coolth from the evaporator to the TES and, (c) maximise 
the utilisation of the evaporator for charging the TES. It is clear that the TES 
should be in pressed contact with the evaporator. However, it must not in any 
way impair the normal working of the evaporator whilst, at the same time, it 
must be able to charge and discharge at reasonable rates. This passive storage 
method is characterised by the lowest capital cost of the two, but is the least 
flexible and controllable. 
2. A dynamic (or active) thermal store: In this case the storage medium is ac- 
tively fluidised to reduce the effective thermal resistance of the store, offering 
greater thermal control of the store charge and discharge processes and ren- 
dering the design of the store shape independent. Two basic arrangements 
were considered: 
Internally located storage, similar to the passive TES configuration previ- 
ously discussed. 
* Externally located storage, where the TES is located exterior to the DRA. 
These options are discussed in more detail in Chapter 4 on page 105. One 
major difference between these two arrangements is that, for internally-located 
TES's, store losses need not be accounted as system losses as any store leakage 
would be internal to the refrigerating compartment. With regard to this the 
DRA implementation will not suffer one of the major drawbacks that afflict the 
technology when used in air-conditioning systems i. e. energy losses from the 
energy store. 
In most cases the store (and at least part of its inventory) has to be located 
exterior to the refrigerating compartment, for size and energy considerations. 
The method also requires additional inventory (piping, pumps etc. ) for ren- 
dering the storage medium mobile (with attendant energy consumption con- 
sequences) - 
Of the two methods (passive and active storage) a dynamic thermal store pos- 
sesses the greater level of control flexibility, but it is more complex, costlier and less 
'This is a consideration which should be borne in mind during the latter stages of any optimi- 
sation process. 
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energy efficient'. In the light of the desire to minimise energy losses and the cost 
constraints imposed by the intended applications, the analysis for these configura- 
tions will focus on internal, passive TES. An external, dynamic storage DRA design 
is discussed later in Chapter 4 on page 105. 
4.4.4 Comparative Systems Design Analysis 
The purpose of this section is to perform a comparative analysis on the various 
proposed systems configuration. The following assumptions are made at this stage: 
Henceforth, except where otherwise stated, the rates of any quantities indi- 
cated are to be taken as the mean values over the indicated period e. g. 
tD 
(ýD Q (A) dA tD 
10 
Much of the dynamics of the proposed DRA design are affected by non- 
linearities attending the different parts of the system. However, to facilitate the 
initial experimental rig design, the system was considered as passive (steady- 
state, passive energy storage etc. ) , with linear behavioural characteristics. 
Except where otherwise stated, the efficiencies (, q) referred to herein are the 
product of the first and second law efficiencies i. e. qjxqjj- 
The overall energy storage (ES) efficiency of the TES (77,. ) is unity i. e. the 
combined effect of the charge (77,. 
"_, 
), hold-over and discharge (17., effi- 
ciencies. 
There are charge and discharge ) efficiencies associated with 
the use of the battery and for convenience both may be combined with the 
representation: 
7IBat. :::::: 7IBat. 
A+ 
X 71Bt. 
Zý- 
The hold-over losses in (electro-chemical) battery storage are considered to be 
negligible for the charge/discharge cycles envisaged in the intended application. 
In an initial analysis, the day- and night-time temperatures may be charac- 
terised by representative average values T,, and T,, respectively. 
'Inefficient in the sense of the energy recoverable from the store in relation to the total energy 
input into it (including energy required to operate the store). 
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Also as per the specifications laid out in section 4.2 on page 106, day-time 
temperatures, TD, (as opposed to night-time temperatures, T, ) shall persist 
for no more than a fixed fraction (of consecutive hours) of any 24-hour &V, 
a period hereinafter referred to as (tD). The balance of time (over the same 
24-hour period) is by default to be allotted to the night-time (t, ), the relevant 
ambient temperature being T,, I. 
The COP of the prime-mover varies with internal and external temperatures 
and loading conditions. Much of the following analysis depends on the differ- 
ences in COP of the prime-mover at differing times and ambiances. These have 
been classified broadly as COPD (day-time) and COP, (night-time) to charac- 
terise the mean COP operating over a given period 2. 
T, (the mean temperature exchanging heat with the evaporator) has been 
assumed to have the same constant value throughout', for reasons of simplic- 
ity. In reality though it varies, and due to the non-linear character of the 
COP (---, T,, ... 
), its dependence on T, is quite strong, as is evident from the 
first derivative based on the thermodynamic definition: 
19cop ( ... , T,,... ) 
Th 
aT, T, 
As mentioned earlier in section 3.7 on page 101 the preferred storage medium 
for TES is hydrated 'cross-linked' Poly Vinyl Alcohol (PVA) of at least 95% w/w 
water content, used as a latent heat thermal storage (LHTES) medium. The 
properties of the TES medium adopted for this would be computed on that 
'The occurrence of day- and night-time and their relative lengths is dependent on several 
factors. For instance a DRA in a 'corner shop' which is closed at 6.00pm in an environment with 
a high relative humidity would suffer from an additional thermal-lag (to that on account of its 
insulation) on account of the building's thermal lag. Thus it is conceivable in such a case that 
the night-time period might well coincide with part of the daily solar insolation period; see also 
section 2.5.3 on page 66. This issue is indicative of the need for the development of an adaptive 
controller for DRA's in order to take advantage of such variations due to seasonal changes and 
between use locations. 
'However, there are load dependencies on the COP which may have to be accounted for in a 
more detailed analysis, see eqns (2.15) and (2.18). 
'This assumption appears justifiable on the grounds that the presence of the immediately 
adjacent LHTES would ensure a 'constant' T, However, in reality, the presence of the TES simply 
serves to alter the effective conductance of the evaporator surface, T, remaining as the DRA internal 
air temperature. That said, it is possible to conceive some time-averaged bulk mean value for T, 
sufficiently representative for analysis over different periods of the appliance utilisation cycle. 
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basis, except however, for the quantity of energy deemed storable and retriev- 
able in the medium which would be reckoned solely on the basis of the latent 
heat content of the quantity of water in the material. 
Even in the light of the approximation made immediately above (neglecting 
sensible heats etc. ) only 95% of the (LHTES) latent heat content available would 
be deemed recoverable during any charge/discharge cycle, see Appendix C on 
page C-266. This is to help cope with any irreversibilities arising due to energy 
transfer and volumetric changes during the freeze-thaw process. 
* The sensible heat exchange of the TES has been assumed to be negligible 
relative to that due to latent heat transfer. 
In line with the specifications given in section 4.2 on page 106, there should be 
an allowance for an ES capacity equivalent of the energy requirements for an, 
as yet unspecified minimum period, within the storage facilities of the device 
in its fully laden state. This is to act as a contingency in the event that periods 
of up to that length occur, when the solar insolation is sub-optimal, referred 
hereinafter to as the 'inclement period'. By this, it is to be understood that 
the consideration is for one night-time period more than the number of day 
periods stipulated; the rationale for this is given in section 4.4.4.2 on page 129. 
Immediately pursuant to any inclement period, there will be a period of equal 
duration plus an additional fraction thereof in which at least nominal solar 
insolation is to be expected. This is to ensure the device's storage facilities are 
replenished by an amount (0) of the total storage capacity each 24-hour day. 
During any inclement period, a fixed proportion (ý)' of the normal solar in- 
solation is to be available. This condition may be easily adjusted to cater for 
circumstances where the energy input into the system is completely cut off for 
the same period. 
In any 24-hour period, there would be a maximum period, less than the 
number of day temperature hours, for which nominal solar insolation will be 
deemed to be available, defined here as the solar duration (t. 01). 
The ambient relative humidity can be characterised by two constant values for 
mean day- and night-time relative humidity. 
The appliance shall be load-charged each day (irrespective of weather 
clemence) with a fixed 'thermal load' (Q,,,.,, ) at the ambient temperature 
'Based on discussions with several solar panel manufacturers, 20% was recommended. 
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which would be expected to cool down over a fixed percentage of the 24-hour 
period viz commencing the start of the night period each day. This is 
to ensure that the device is capable of reliable performance under load, (see 
James and Evans (1990) who discuss the problems which can occur when this 
is not the case, as is usual in practice). 
In any 24-hour period, an as yet unspecified number of volume air changes per 
hour for the duration of the day (24-hour) period shall be allowed to account 
for human-appliance interactioni. 
The maximum size of the TES shall be restricted to the maximum thermal 
capacity requirement for one 24-hour (day- and night-time) period. This is 
in order to maximise the cycling of the TES (i. e. maximise utilisation) over 
any given period which improves economic viability and decreases 'hold-over' 
time losses [Douglass, 1980]. 
Except where otherwise stated, Q,, and Q,, correspond to the mean of the totality 
of the heat loads (use and ingress through the compartment walls) over the indicated 
period, i. e. day-time and night-time. In the interest of clarity, the following notation 
will be adopted: COP 
(ý, ATM) will be used to denote the relevant COP as defined 
by eqn (2.15), where the relevant (ý and ATh1will be explicitly indicated within the 
formulation. 
4.4.4.1 Clement Weather Analysis 
The first set of analyses has to do with normal working conditions of the system, 
where there is sufficient daily insolation and the sole requirement is for the appliance 
to cater for the basic energy demands day in day out. 
Configuration I (Battery only system) The minimum battery capacity 
in this case is given simply as 
CON 
QD (tD - tso, 
tD * COPD 
QN 
+ 
ýD (tD 
- 
tw 
Bat. COP 
((ýN 
7 
(AThl)N 
) 
COP 
(ýD7 
(AThl)D 
1 Sillanpiig (1997) suggests 51 door openings per day based on research done in Finland. 
(4.1) 
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Figure 4.6: Schematic (battery only system) diagram of the battery energy 
content and heat pump output during one daily cycle. 
The battery charge (minimum input) rating (W(, )) is given as 
PB. 
t. &+ 
EB,,,. 
(4.2) 
tsol 
The battery discharge (minimum output) rating (W(, )) is 
E,,.,. PB, 
t. A (tM + tD - tsol) 
X 71 (4.3) 
The prime-mover thermal rating (W(, ))' is the maximum of 
PHP(T) 
= max(QN , 
QD ) (4.4) 
and the prime-mover electrical rating (W(,, )) is, the maximum of: 
PHp(e) = max 
IýN 
7 
IýD 
(4-5) 
( 
COP 
(QN7 (AThl)N 
) 
COP 
(ýDi (AThl)D )) 
'This is in relation to the ambient temperature. 
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The required electric output rating (W(, )) for the SPV panels is 
pBat. 
A+ 
QD 
PSPV =-+- 
'R 
Bat. &+ 
COPD 
QN * COP 
('QDi (AThl)D )+ [tD 
- 
tsd (I 
- 7113at. 
)]* ýD 
* COP 
(ýN 
7 
(AThl)N ) (4 * 6) 
tsol * COP 
(QDi 
(AThl)D 
)- 
COP 
((ýN 
7 
(AThl)N 
) 
Battery Distribution 
Heat Pump Output 
TEs Distribution 
Figure 4.7: Schematic (TES only system) diagram of the TES energy content 
and heat pump output during one daily cycle. 
Configuration 2 (TES only system) In this case the storage type is TES and it 
is to cater for the periods where there is no solar energy input i. e. the period 
starting from the end of the solar insolation period through the night-time 
period. Thus the minimum TES capacity (J(, )) is here given simply as 
t52 
ETES - 
QN + QD tD 
L) 
fq 
TES 
QN + 'QD(tD - tsol) 
'q 
TES A- 
The TES charge rate 
(W(T)) is given as 
(4.7) 
PTUA+ - 
E,.,,, (4-8) 
tw 
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The TES discharge rate 
(W(T)) is given as 
PTES 
A- 
= 
E TF-S X 'R TES A- 
(tN + tD - 
tsol) 
The prime-mover thermal rating capacity 
(W(T)) iS 
PHP 
(T) = 
(ý. 
QD+ 
PTES 
77TESA+ 
ETES 
'qTESA+ x tsol 
12-4 
(4.9) 
(4.10) 
In this case the relevant COP changes to reflect the larger load and thus the 
prime-mover electrical output rating (W(,, )) is 
PHP 
X QD + 
PTES 
COPD 
- 
77TESA+ 
ETES 
COPD 
X QD + 
nTESA+ X tsol- (4.11) 
QN + [tD - tsol 
(1 
- 77TE S 
)i (ýD 
COP QN+ 
ItD-tsol (1-71TEs )I QD 
, 
(AThl)D tsOl X 77TES tSOI X 7) TES 
Here the power rating of the SPV panels is simply 
PSPV ý PHP (e) (4.12) 
Configuration 3 (HES system) As mentioned earlier, this configuration is quite 
flexible and it is possible to conceive of a plethora of quite complex design 
and control arrangements (see Figures 4.8 and 4.9, qv. pages 125 and 125 
respectively, for two examples of control options). Here, the restriction is to 
one of the most basic of such (night-time only prime-mover operation), which 
it is hoped would serve as illustrative of the available possibilities. 
PhD Thesis 0 19" Cranfield Universitij -Refrigeration Appliances: Performance enhancements via novel Thermal - Energy Storage- 
4.4 Systems Design 
Battery Distribution 
Heat Pump Output 
TEs Distribution 
12-5 
Figure 4.8: Schematic diagram of the battery energy content, TES energy con- 
tent and heat pump output during one daily cycle for a night-time only prime- 
mover operation control regime. 
Battery Distribution 
Heat Pump Output 
TEs Distribution 
Figure 4.9: Schematic diagram of the battery energy content, TES energy con- 
tent and heat pump output during one daily cycle for a continuous prime-mover 
operation control regime. 
PhD Thesis 0 1999 Cranfield University -Refrigeration 
Appliances: Performance enhancements via novel Thermal - Energy Storage- 
Day Night 
Day Night 
4.4 Systems Design 12-6 
In line with theoretical observations, a better device COP is to be expected 
during the night-time than during the day-time (on account of the lower 
ambient temperatures obtaining over that period), for a given load. In respect 
of this, the design is based on the initial premise that the battery would be 
charged up during the day-time and the prime-mover run during the night- 
time, thus catering for any night-time thermal loads, as well as charging the 
thermal store. This (coolth energy) in turn will be used to cater for the thermal 
loads of the immediately proceeding day. 
ttop 
up 
ttop 
up 
ttop 
up 
toverlap 
tsol 
tD 
00: 00 24: 00 
Hours 
Figure 4.10: Illustration of the differing time periods 
(tD, tNi tsoh toverlap) ttopup) 
within a 24-hour day. 
If the thermal requirements of some portion(s) of the day period are to be aug- 
mented by the prime-mover directly', this can fall into two such categories. 
These are, firstly, a topping-up boost with energy from the solar cell (,, x Q,, 
(over the period t,. pup) to cater 
for the hotter parts of the day period' and, sec- 
ondly, an 'early-start' battery-augmented cooling period, effectively starting 
the 'night period' at some stage (a fraction say)' of the non-solar active 
'Possibly for thermal control reasons. 
'The phrase 'topping-up' is here used in a loose sense, extended to accommodate not only 
intermittent coolth requirements, but also encompassing the situation where the requirement is for 
a base/background coolth supply to augment the TES throughout the day-time period. Thus, the 
total amount of energy transfered in consequence of this is (topupQD- It is important to realise the 
potential of (,.,. p 
for appliance temperature regulation, especially during high heat gain periods of 
the day. 
3The cooling at this stage is done under the influence of the day-time temperatures and, as 
such, no TES charging is assumed to take place; this will always be done under the influence of the 
PhD Thesis 0 1999 Cranfield University -Refrigeration Apphances: Performance enhancements via novel Thermal - Energy Storage- 
4.4 Systems Design 127 
period of the day-time (see Figure 4.10 on page 126). In that case the battery 
capacity can be seen to be: 
E,,.,. = 
11 77TESA+ X QN +ETES 
71 
Bat. "N -I 
nTESA+ X COPN COPD X tD I 
TES 
X QN + 'ETES) ' COPD + 
((overlap(tD 
- tsol) + (topup) X 
(ýD * COPN * 77TE 
(4.13) 
.S+ 
+ 
((overlap (tD 
- t-sol 
)+ (top 
up 
)X QD ] 
nBat. 
A- 
71TESA+ ' CON - COPD 
In this case 
COPD =-COP 
((ýD 
7 
(AThl)D ) (4.13 -a) 
COPN = COP 
77TES&+ X QN + 
'F-TES 
(AThl)N 
( 
71TESA+ X [tN + (overlap(tD - 
tsol)] 7 
(4.13 -b) 
., 
(J(, )) being the TES capacity and is as yet undefined. Note, that due to the E,,, 
non-linear character of eqn (4.13), there are opportunities for minimisation of 
the battery capacity with respect to the TES capacity and/or the fraction of 
the non-solar period of the day-load catered for by the battery i. e. The 
charge rate of the battery is simply: 
PB, 
t. &+ - 
E. t. (4-14) 
t'a 
whilst the battery discharge rate is 
PBat. 
A- - 
E,,. X 77Bat. 
A- (4-15) 
tN + Coverlap (tD - 
tW 
As before, the TES capacity is to be sized for the smallest cycling period. Based 
on this, and the presumption that the use of the night-time COP is to be most 
beneficial, it is reasonable to assume, tentatively, the day-load (Q,, ) as an 
initial start point. FYom this, deductions are made for the 'topping-up' input 
((topuPQ,, ) and the portion of the day-load accrued between the period t, and 
(tw + (,,,,, p x 
(t,, - tw)), i. e. the non-solar active period which is to be catered 
night-time temperature. 
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for by direct prime-mover action (via the battery). Thus the TES capacity is 
defined: 
t, ý QEI X (overlap tD 
(top 
up 
ETEs 
TES 
The TES charge rate 
(W(T)) is given as 
PTES 
A- 
- 
ETES X 71 
TES A- 
[tD 
- 
(overlap X (tD - 
tsol)] 
The TES discharge rate 
(W(T)) is given as 
The prime-mover thermal rating capacity 
(W(T)) iS 
( 77TES 
&+ 
-1 HP(T) - JLJLJL". d% 77TESA+ X tN 
i 
Otop 
up 7 
(ýoverlap 
) 
The prime-mover electrical (W(, )) requirement is 
Plip 
77 
TES A+ 
77 
TES &+ 
77. 
COPN : --COP 
( 
77TES 
A+ 
* tN X COPN7 
(AThl)N ) 
COP,, = COP 
(max('Qtop 
up i 
(ýoverlap 
), 
(AT,, ) D) 
The electric output rating (W(, )) for the SPV panels is 
PSPV = PB.,,. &+ 
+ (ýtopup 
(4.16) 
(4-17) 
(4-18) 
(4-19) 
(4.20) 
(4.21) 
Note that, as with the case of the battery capacity, opportunities exist for 
the minimisation of the TES size, dependent on (,.,, and the (,.. Thus, 
PTES 
ETES 
tN 
QN + 
x Q, + E,,, max 
(Qtop 
up, iQoverjap) 
) 
' tN X COPN 
I COPD 
SA+ X 
QN + ETIS 
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the TES may be sized according to one of several criteria e. g. (a) from tile 
optimisation of eqn (4.13) for a minimum battery capacity, (b) based on an 
attempt to equalise the prime-mover output across all the regions eqn (4.19) 
i. e., for the smallest possible size, (c) for minimum energy consumption (i. e. 
solar cell capacity), eqn (4.21) and (d) for the smallest TES size, eqn (4.16). 
Whatever consideration is utilised will have a bearing oil the actual charge-- 
discharge regime (strategy) adopted in the control of the device and vice versa. 
4.4.4.2 Inclement Weather Analysis 
d. 
Additional Inclement Period 
Night-time 
Figure 4.11: Schematic diagram of the inclement period 
The second set of analyses has to do with the 'worst' or *distress" case scenario, 
where the systein is envisaged to sustain performance for a given length of time 
under sonle adverse condition. One such scenario occurs in the event when there 
is insufficient solar insolation for n consecutive days immediately following a period 
of not less than (n +I= days of normal operation. Such a scenario might 
arise, within the current context', in the event that there is sustained cloud cover 
over the period, i. e. ail ýincleineilt weather' period (see the underlying specifica- 
tions/assuniptions set out in section 4.4.4 on page 118). During this period, it is 
assumed that the cloud cover will reduce the available power supply ý of the nominal 
daily, supply. However, the daily temperature variations, humidity and utilisation 
'In developing, and on occasion ln developed, countries this could also simulate a 'power cut'. 
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pattern will remain essentially the same as those pertaining to normal operating 
periods. 
Prior to any further analysis it is important to be unequivocal about the length 
of time implied by the stipulated inclement period. Consider three consecutive day- 
time periods in which only a token amount of solar insolation exists. Within this 
period, two night-time periods also exist. However, this does not constitute three 
full days and as such, an additional night-time period will have to be added on to 
make up the alloted number of full day (inclement) periods. Thus, the system will 
be expected to fail if there is no solar insulation during the fourth day-time period 
pursuant to this three (24-hour) day inclement period. However, (a) at the close 
of any particular day-time period, there is no simple way of predicting whether or 
not there will be solar insolation on the next day and, (b) the specification clearly 
states a given number of days (in this case three) capacity which should be catered 
for above the appliance's normal working capacity. In this regard the night-time 
loads immediately preceding any such inclement period will have to be added to 
the required storage capacity, i. e. the required storage capacity will be extended by 
one additional night-time load equivalent. As a result of this, in this example, the 
thermal loads for four night-time periods and three day-time periods will have to 
be allowed for (see Figure 4.11 on page 129). 
Configuration 1 (Battery only system) 
The total electrical energy requirements (J(, )) to cater for the thermal energy 
demand over the period is 
Etot. (e) -nx 
QE, 
COPD 
(n+ 1) X QN 
COPN 
x 
-n-ý-P,,,, - t, 
_x -n-ý-P,,,, - t,., 
(4.22) 
COP 
(QD7 
(AThl)l) I COP 
(QN 
i 
(AThl)N 
) 
Thus the battery requirement (W(, )) for this is 
EBat. 
": ý 
Etot. 
77 Bat. A- 
(4.23) 
The battery charge (minimum input) rate (W(, )) is given as (cf. eqn (4.1)) 
P13.,. 
&+ 
= 
V) x Etot. (e) + 
QN + (tD -tsol) X 
QD I 
COP((ýN, (ATON) -COPFQD, (AThl)D) 
tso X 77 Bat. &- 
+ 
(4.24) 
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The battery discharge (minimum output) capacity (W(, )) is 
max 
6ýN 
I 
'ýD 
(4.25) 
(COP 
(QNi (AThl)N ) COP 
(ýDi (AThl)D )) 
The prime-mover thermal rating capacity 
(W(T)) iS 
PHP(T) : ": MaX 
(ýN 
i 
ýD ) (4.26) 
Likewise the electrical rating capacity (W(,, )) is 
PBP(e) = P13., 
A- 
(4.27) 
The power output rating (W(, )) for the SPV panels is 
PSPV Etot. (, ) + 
QM + 
QD(tD 
+ 
QD 
11 Blt. x 
tsol 
- 
COPT4 COPD COPD 
(4.28) 
[tD (Ox 
n+ 1) - tsol(l - 77132t. 
)] 'OD X COPN + [V)(n + 1) + 1] * QN X COPD 
Its-I X 77B. 
I. 
+nX0X ý] * COPD * COPN 
HereCOPD andCOPN are defined as per eqn (4.25) 
Configuration 2 (TES only system) 
The total thermal energy requirements 
(J(T)) 
can be seen to be 
Etot. (T) =nx QD + (n + 1) X QN -n-ý-P,,,, - t.,., ' 
COPD 
(4.29) 
=n x QD+(n+1) X QN -n-ý-Ps, 't. 1 'COP (QD+QN, (AThl)D) 
This gives a thermal store capacity of 
ETEs 
= 
Etot. (T) 
(4-30) 77 
TES A- 
The TES charge (minimum input) rate (W(, )) is given as 
PTESA+ - 
[QN 
+ (tD - tsgA) X 
ýD + Ox Eto, (T) 
(4.31) 
tsw, q ms A- 
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The TES discharge (output capacity) rating (W(, )) is 
PTES 
, -= max(ON , 
OD ) (4-32) 
The prime-mover thermal rating capacity 
(W(T)) iS 
Pla, 
(T) + 
PTES 
" (4-33) 
77TESA+ 
Again, making the relevant changes in the COP loading conditions, the prime- 
mover electrical output rating (W(,, )) is 
PHP (e) - 
PHP(T) 
COPD 
QD 
* 
(tD 
- tsol 
[l 
- 77TESI) + 
V) X 17TES 
A- 
ETES (4-34) 
tSO177TES 
* 
COP 
IýD*(tD-tsol 
[1-77TEs])+IPX Etot. (T) AThl)D 
tSOI 77 TES 
In this case the power rating of the SPV panels is simply 
PSPV 
ý 
PHP(e) (4.35) 
Configuration 3 (HES system) 
Adopting the observations made in the discussion on page 124 with regard to 
this system and under the modified assumptions (due to weather inclemence), 
the total systems energy requirement in this case may be deduced: 
+n- 
ET, -QD 
- 77TF (n + QN * 77TESA+ sS. _ET,, s Etc), (e) = 77TES, 
+ 
CON -- +n COPD 
COPD ý COP 
QD - E,,. ý -, q,. Aý 
, 
(, LThl)D 
( 
tD 
- 
ýoverlap (tD 
- 
tsol ) 
COPN ý COP 
77TES 
a+ 
. QN + 1: 
-TES 
, 
(AThl)N 
77TZSA+ * 
tN 
PSPV * tsol 
(4.36) 
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E,. (J(, )) being the TES capacity. As before, the TES capacity is to be tenta- 
tively sized for the daily cycling period; based on this and the presumption 
that the use of the night-time COP is to be most beneficial, the day-load (Q,, ) 
is used as an initial starting point. From that, deductions are made for the 
'top up' input 
((top 
upQE, 
) 
and the portion of the day-load accrued during the 
fraction of the non-solar period 
((overlap X (tD - 
tsol ))which is catered for directly 
by the prime-mover. Thus the TES capacity is defined': 
Qll (overlap tsol (top 
up ETEs tD 
77TESA- 
The battery capacity (J(, )) can be seen to be 
Eto, (e) 
'q Bat. A- 
The charge rate of the battery is simply 
P13.,. &+ = 
QN + 
ETE, + oEto, (e)COPN 
COPN ' 77TE tsol 
.S+ 
71 
Ba.,, ý - 
whilst the battery discharge (output) rate is 
PB, 
t. A- 
QN * 77TES, 
&+ 
+ ý-TES 
max 
( 
77TESA+ * COPN * tN 
7 tD * COPD 
The TES charge rate 
(W(T)) is given as 
PTES 
ETEs 
tN 
The TES discharge rate 
(W(T)) is given as 
PTES 
A- : -.,:: 
ET. 
x 77T. A- 
[tD 
- 
(ovedap X (tD - 
tsol)] 
(4-37) 
(4.38) 
(4-39) 
(4.40) 
(4.41) 
(4.42) 
'Note that the observations given immediately after eqn (4.13) are also applicable here. 
QD - 77TES A- 
ETES ) 
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The prime-mover thermal rating capacity 
(W(T)) iS 
77TEs x 
QT, 
+ Ezs xqs 
PHP 
(T) MaX 
77 
TES 
X tN 
I 
(Lp 
up 
(4.43) 
QD 
- 77TES 
A- 
ETES 
ýtop 
up ttop 
up 
The prime-mover electrical (W(, )) requirement is 
max 
77TES QN + I: TES X 77TES 
77TES XQN +ETES X 77TE 
77TES X tN X COP 
( 
77 TES XNS 
(AThl)N 
QD - 
ETES 
* 17TES 
A- 
p 
(QD-ETES*77TESA_ 
ttop up - Co 
(AThl)D 
ttop 
up 
The electric output rating (W(, )) for the SPV panels is 
PSPV = 
71 
Bat. 
COPD , COPN * i7TEs *+n-e- 
0) 
- 
td 
4.5 Parameter Design 
Introduction 
This section documents the design methods for the main component parameters 
of the system. These include the DRA compartment, the evaporator temperature and 
the thermal store. The section also deals with issues of the loading conditions which 
might arise in practice and other allied heat transfer issues. 
QD -'F-TES 77 TES 
COPD tsol 
COP, 
- q"3 ET, 3, 
) - [7713, + V)n] 
-1 
, 
(QD 
- 77TESA- 
1. 
COPD * COPN * 77TES *+n -I- 
(4.44) 
(4.45) 
.S+ 
77 
TES 
_E,. s] 
+ ýb - (n + 1)] - 
i7T. 
A- 
[COPD 
X 
([QN 
* 77TF 
ETES) 
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4.5.1 General Discussion On Parameter Design 
An ideal design specification of the individual components for the DRA should 
take into consideration not only the static design point specification of the compo- 
nent, but also the interaction between components and the dynamics consequent 
of that interaction. Such a process would necessarily involve an extensive amount 
of iteration between the design, prototype and appliance test phases (due to the 
approximate nature of the modelling process and the ubiquitous presence of non- 
linearities in the pertinent design equations). For the current exercise, much of the 
analysis considers the various components in their 'uncoupled' state and in many 
instances linear approximations have been used to characterise properties and pro- 
cesses. 
The design specification of the compartment is subject to: (a) the design point 
internal temperature (or temperature range) and N the prevailing ambience and 
any effects that the changes in that ambience will have on the 'arrival time' of 
heat ingressing into the system through the compartment. The design specification 
should ideally take into consideration the various trade-offs which may occur as a 
result of the operation of the prime-mover at different periods. However, in this 
instance the computations are to be based on a quasi steady-state (see also the 
assumptions in section 4.4.4 on page 118). Of importance is an estimate of an upper 
bound for the heat transfer coefficients obtaining at different locations within (and 
without) the compartment. As such, the assessment of this heat transfer coefficient 
is the main focus of the initial stage of the ensuing analysis. 
During periods when the prime-mover is non-functional, the evaporator presents 
a direct heat transmission path from the inside of the appliance to the ambient envi- 
ronment'. Attaching a TES to this surface will cause some proportion of the energy 
stored within the store to be lost via this heat transmission path. The ramifica- 
tions of this becomes more punitive with (a) increasing ambient temperature, N 
increasing evaporator surface area and, W decreasing TES bulk-temperature. The 
gravity of (a) is somewhat more severe than would be experienced during conven- 
tional DRA operation. This is a consequence of the potential for loss from the TES 
being relatively greater than from the DRA interior temperature, which would be the 
case in the absence of the TES (on account of the necessarily lower TES tempera- 
ture). The second observation (b) of these is an unfortunate fact, as it is precisely 
this mechanism (increasing the evaporator surface area) which is recommended for 
the improvement of the performance of the prime-mover (section 2.4.2 on page 59). 
The effect of the third, (c), serves to compound (a) and (b), as heat gains are to a 
lower thermal potential than would normally be associated with an 'off-cycle' con- 
'The effect of this was observed during experimentation see Figures 6.19 and 6.20, qv. pages 
211 and 211 respectively 
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ventional DRA evaporator'. What is more, any unrejected heat from the condenser 
during an 'on-cycle' would, at least in part, be dissipated within the store during 
the immediately proceeding 'off-cycle'. 
While this may not affect the charge process too adversely, it is clear that the 
TES will have to be oversized in order to offset the resulting heat gains, if the 
(energy storage-retrieval) process is not to be too severely hampered. One manner 
in which this situation may be ameliorated is to keep the size of the evaporator small. 
This in turn, would require a lowering of the evaporator temperature for the same 
rate of heat transfer, compromising the COP of the prime-mover. There is also the 
consideration of ensuring that the thermal capacities of the condenser and evaporator 
are of similar size2. In addition to this, there may be some benefit in thermally 
isolating the two ends of the heat transfer inventory (condenser and evaporator), 
using a thermally-insulating bridge at (at least) two places within the refrigerant 
circuit'. Pertinent to the current design case is the use of a 'plastic' evaporator; 
the casing (which may be metallic) of the enclosing TES (also a polymer) may then 
be used to protect such an evaporator housed within the TES. The technology to 
provide a sufficiently strong, thin polymer for this purpose is available, although 
the financial cost might be a problem. What is clear though, is the extent to which 
attention must be paid to each of these factors, and their weighting, in the overall 
design process. 
4.5.2 Load Analysis 
4.5.3 The Compartment 
A brief discussion on compartment geometry was given in section 4.4.1 on 
page 111. Given the considerations in that section, the natural choice is to use 
a cube. As the a*im of this exercise is simply to prove a concept, it is not necessary 
to have a large appliance and thus a 39 litre internal volume was chosen. Also in 
line with the further discussion given in that section, regarding the location of the 
'In this regard the dynamic TES may possess an advantage over the passive TES, as the bulk of 
the stored energy is removed from the evaporator surface. The condition is clearly indicated (in 
the presence of the TES) in Figures 6.19 and 6.20, qv. pages 211 and 211 respectively constructed 
from data obtained during experimentation. 
2 Done for thermodynamic reasons; Bejan (1989) demonstrates, using eqn (2-5) and eqn (2.6), 
that the refrigerating capacity is maximised with respect to the internal and external exchanger 
conductances when the ratio of these two conductances is unity. 
3 This might not be as straightforward as it appears pyimafacie, as there might be heat trans- 
mission on account of the (gas-phase) refrigerant in the circuit. Further investigation needs to be 
carried out to assess the proportion of metal-metal (heat exchange inventory) heat conduction to 
the refrigerant heat transmission effects. 
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DRA door, the decision was made to adopt a top loading (chest) appliance. 
The ASHRAE (1994) handbook details the insulation thicknesses, most often re- 
lating to polyurethane foam which is commonplace in DRA's. For polyurethane 
foam, foamed insitu, a thickness of 48mm is deemed sufficient for -18'C freezing 
compartments, while for non-freezing compartments, (at VC) 40M is considered 
appropriate. It is noted that as a point of (best practice) reference that the LER 200 
refrigerator referred to in section 1.6.2 on page 271 utilised 65MM. As mentioned in 
section 2.3.1 on page 49, the intention is to use vacuum panel insulation VPSI as it 
is the best commercially-available insulation. However, as these are manufactured 
in panels, it is necessary to provide a (preferably insulative) binding for fixity and 
the reduction of inter-panel thermal leaks. Thus, a decision was made to use 65MM 
walls of composite, polyurethane foam-VPSI insulation. Based on the results of the 
analysis in section 2.5.2 on page 64, and noting that the preliminary analysis is a 
passive one 2, the VPSI is to be located interiorly within the enclosing, composite, 
insulation. 
Three principal sources of heat ingress (Qj) into the system are: 
Heat Ingress Through The Door-Cabinet Seal 
This is the heat transfer through the appliance door-cabinet seal'. Unfortu- 
nately, this is difficult to estimate with much accuracy. However, on the assumption 
that the ingress is only conducted across the seal itself (no air leaks etc) an estimate 
may be found using the relation 
Qj = (L - 
H)seal 
Tamb. 
-TDRA 
(4.46) 1+ thickness,,,, l +1 
hDRA ext. k, eal hDRAint. 
Heat ingress through heat transfer inventory 
This is the heat transfer through the inventory (condenser-evaporator circuit) 
and is, of the three, the most difficult to estimate. The reasons for this stem from 
difficulties in: 
(a) Assessing with certainty the heat transfer area and heat transfer coefficient for 
the condenser surface. 
(b) Determining the relevant cross-sectional flow area for the conductive path 
between the evaporator and either the condenser or the prime-mover. 
1 [Guldbrandsen et al., 19861 
2 For the implications of this in the non-passive case see section 2.5.3 on page 66, specifically 
eqn (2-31) and the ensuing discussion. 
3 See ASHRAE (1994), pp. 48.3 op. cit. for an indication of the percentage of the total heat gain 
this can amount to. 
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(c) Characterising the effects of the on-off prime-mover cycles on the transient 
temperatures of the evaporator, condenser, heat pump and allied conduits. 
The processes involved in arriving at a mathematical expression for this aspect 
of Qj, is lengthy, convoluted and fraught with uncertainty. For these reasons, no 
attempt will be made to provide an expression for this estimate. 
Heat Ingress Through Compartment Walls 
This relates to the heat transfer through the compartment walls themselves. In 
assessing this, a knowledge is required of an informative subset' of- 
(a) The mean heat transfer coefficients exterior and interior to the compartment 
(h., )ext. and 
(hDRA)int. 
respectively. 
(b) A representative characteristic temperature for the ambient temperature 
(Tamb. ), the DRA interior air temperature (T,,. ), the DRA interior wall tempera- 
ture and the DRA exterior wall temperature. 
A representative value for the apparent (or effective) thermal conductance of 
the DRA compartment wall(s). 
(d) The pertinent internal and external compartment dimensions. 
Given such an informative subset, it is possible to apply one of the well know tech- 
niques to determine this aspect -of 
Qj e. g. 
Qi = 
Tamb. 
- 
TDRA 
(4.47) 1 
(Ah)e. t. 
(Y%eff)DRA 
Schneider (1985) states the following correlation (originally given by Langmuir 
et al. (1913)) for the steady state heat transfer conductance2 across a parallelepiped 
shell: 
Kýff -: -- k 
[4ac 
+ ab( 
1+1)+1.08(a 
+ b) + 2.16(a + c) + 0.4(46i + Öfi + Öj ösi df, 6., 
1 
a, b, c> 
bmax 
5 
(4.48) 
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Figure 4.12: Support figure for eqn (4.48) 
6 in this case represents the thickness of the enclosing wall, (a, b, c} being ge- 
ometric internal dimensions. The exact representation of ja, b, cj as well as the 
subscripting notation for 6 can be inferred from the Figure 4.12 on page 139. 
This relation can be used to estimate the conductance of the DRA wall. In the 
event that the insulation is composite, then each layer has to be taken account of; 
an example of an application of this method is given in Appendix B on page B-253. 
Heat Mransfer Coefficients 
As the wall temperatures may not be known with much certainty, it remains 
to obtain an upper bound' on the heat transfer coefficients for the internal and 
external walls. Considering the DRA compartment the heat transfer is principally 
buoyancy-driven and there is/are: 
1. At least eight2 surfaces (four internal and four external) where the pertinent 
heat transfer coefficient is from a vertical surface. For these the following 
correlation, on the recommendation of Chapman (1984), PP. 315 ff, based on 
'In the sense that it is sufficient to quantify the heat transfer through the DRA wall. 
2 Cf., 0= K-ZýT 
'Only the upper bound is here required, for as with most designs, the estimates are to be based 
on the worst possible cases. 
2 Anticipating the inculcation of the TES, one might include an additional eight more (two from 
each of the four TES surfaces). 
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the work of Churchill and Chu (1975) is here used: 
Nu, = 0.68 + 0.670Ra, ' 
/4 1+ 
(0.492) 9/161 -4/9 
10< 
RýI-L < 109 
I 
PT 
NUL 0.825 + 0.387RaLl 
/6 1+ (0.492) 
9/161 -8/27 
2 
RaL ýý* 109 
1 
PT (4.49) 
0< PT < 00 
Properties except 3 at T 
at T for liquids, Tf for gases 
L is defined here as 
Plate area L( 
Perimeter 
2. At least two surfaces for which the heat transfer is either from air to a colder 
surface facing upwards (DRA external top) or to air from a hotter temperature 
facing downwards (DRA internal top). For these the correlations based on 
the works of Goldstein et al. (1973) and Lloyd and Moran (1974)' are here 
considered to be adequate: 
Nu, =0.54Ra, 
1/4 
Nu, = 0.15Rct, 
1/3 
1 
2.6 x 104 < Ra < 107 
107 < Ra <3x 10'0 
Properties except 0 at T (4.50) 
at T for liquids, Tf for gases 
Plate area L is defined here as (Perimeter) 
- 
3. At least one surface where the heat transfer is to the air from a hotter surface 
facing upwards (bottom of interior of the DRA). The following correlation, again 
based on the works of Goldstein et al. (1973) and Lloyd and Moran (1974) is 
here presented in this regard. 
N u, = 0.15 R a, '/, 3 ,3x 10' < 
Ra <3x 10" 
Properties except # at T (4-51) 
at T for liquids, Tf for gases 
Plate area L is defined here as (Perimeter) - 
4. An argument may be advanced for treating the underside of the DRA (cold 
surface facing downwards) along with the previous correlation 4.51 qv. How- 
ever, this presumes that the appliance is either not in direct contact with the 
'Given in Chapman (1984) 
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ground' or, not sufficiently close to the ground for the relevant correlation to 
be that for an enclosure at 00 to the horizontal i. e. it is essentially floating. 
The latter is more likely; also pre-empting the discussion on the location of 
the TES's within the device, there will be the need for heat transfer correlations 
for heat exchange across narrow enclosures. For this reason, the following cor- 
relations, based on the works of Vliet (1969) and of Fuji and Imura (1972) is 
here presented. 
For 0= 90': Nu,. max ((Nu, ),, (N UL)27 
(NUL)3) 
(NUL)l = 0.0605RaL 
1/3 
3 1/3 
(NUL) 
2=1+0.104RaL 
0,293 
1+( 6310 
) 1.36 
1 
RaL 
(NUL)3= 0.242 
( RaL )0.272 (4-52) 
AR 
5< AR < 110 
102 < RaL < 107 
AR = (H) L 
L here is the distance between the two adjacent surfaces and 
0 is the horizontal inclination angle of the enclosure J 
For 0' <= 0< 600 
NUL 1+1.44 1- 
1708 1708 (sin 1.3 0)'1' 
I 
RCIL * COS RCIL * COS 
+ 
[0.664 1708 -1/3 
_1 
RCLL * COS 
1 
(4-53) 
AR > 12 
0< RaL < 10, 
AR = (H) L 
L here is the distance between the to adjacent surfaces 
L0 is the horizontal inclination angle of the enclosure J 
Figures (4.13), (4.14) and (4.15) are graphical renditions of the effect of air- 
surface buoyancy-driven heat transfer coefficients with temperature difference over 
1 This is unlikely, as usually wheels attached to the device to facilitate moving. Also, there is 
usually a gap underneath the compartment for housing the prime-mover. 
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(a) a vertical surface, (b) horizontal surfaces and W within an enclosure of spec- 
ified aspect ratios, in the temperature range -10'C < (T. i,, Tsurface ) <+500C. In these three cases the value of h is virtually independent of the mean (surface-air 
and wall-wall) temperature (T) and the maximum heat transfer coefficient (h) at a 
60 OC temperature difference lies within the range 2.5 <h<7.51. Therefore, with 
the aid of the correlations given, it is thus possible to define mean heat transfer 
coefficients for the DRA exterior and interior using the relation 
6 
3. =, 
(hAAT)j 
Ej6= 
1 (AAT)j 
Of particular interest is the fact that for moderate temperature differences the 
heat transfer coefficient, over the ranges considered, does not depart too mark6dly 
from 4W/m"C and, as such, this value is to be used in subsequent heat transfer 
computations. 
4.5.4 Evaporator Design 
Insufficiencies in the heat transfer to the TES may arise on account either of the 
limitations of the thermal conductivity of the TES medium or the relatively low heat 
heat transfer coefficients obtaining at the TES-DRA interface'. It may thus be neces- 
sary (depending on the heat fluxes required) to increase the DRA-TES heat exchange 
surface area by providing an extended the surface'. In order to provide such a sur- 
face for the proposed PCM-LHTES it is necessary to interpose the TES between two 
metal plates, one planer and the other with the required extended surface geometry. 
Two of these TES units are to be subsequently 
placed adjacent to the evaporator see Figure 4.16 on page 146. This initial concept 
presupposes sufficient TES material will be available to totally enclose the evap- 
orating surface within the TES. Strictures in the production process necessitated 
a modification to the original concept and the TES was repositioned between the 
evaporating surface and one such extended heat transfer surface 4 in a concertina 
arrangement see Figures 4.17 and 4.18, qv. pages 146 and 148 respectively 
1 (a) For vertical and horizontal surfaces 3.5 <h<7.5, (b) within 'vertical' 90' enclosures 
2.5 <h<4.5 and (c) within 'horizontal' 0' enclosures 3.75 <h<5.5 
2 As it is assumed that the TES would be thin, the latter is more likely. 
3 See the discussion in section 2.4.2 on page 59, for reasons why heat transfer area enhancement 
is the chosen method of solution. 
4 With hindsight, this may have been a better arrangement as the magnitude of the direct heat 
transmission to the TES via the evaporator would have been potentially doubled were the original 
design adhered to. 
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Figure 4.16: Initial evaporator-TES design sketch. 
Figure 4.17: Revised (concertina) evaporator-TES design sketch. 
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4.5.5 Food Load 
IL47 
The assumption, rife in the literature (Guldbrandsen et al., 1986; -Norgard, 1989-1 March Consulting Group, 1990; Boardman, 1995b; ASHRAE, 1994]), that upwards of 
80% of the energy consumption in a DRA is due to cabinet-associated heat ingress 
(see Table 1.3 on page 12 for the ASHRAE breakdown) is indeed an unfortunate one, 
for it conveys the impression that this is about all there is to the cooling load of a 
DRA1. In reality there are other loads which bear significantly on the coolth burden of 
a DRA in service; these include the actual utilisation load and the load due to human 
interaction 2. In truth, there is no way in which the utilisation load of a DRA may be 
estimated apriori, as utilisation patterns are very application dependent. However, 
it is reasonable to assume that in the worst case, a fixed proportion of the volume 
will always be used, and to estimate a base utilisation load on that assumption. The 
WHO adopt a similar strategy in the specification of vaccine refrigeration units (see 
Footnote 1 on page 106, for pertinent references) reckoning on a mean utilisation 
load of 30%. 
4.5.6 Thermal Energy Storage analysis 
Introduction 
This section deals with the physical dimensioning of the thermal store (TES). 
This is done based on the thermal storage requirement E,,.,, the minimum discharge 
(and/or charge) time 
(tTES 
& +and 
tTES 
_ respectively) and the rates of heat transfer 
to the TES 
((ýTES 
& += (ýIp) and to the DRA compartment 
OD 
and (ý,, ) respectively'. 
The aim here is to determine (a) the minimum volume of storage material adequate 
for storing the requisite amount of thermal energy, W the maximum evaporator 
temperature to effect the storage process and W the linear dimensions of both the 
evaporator and the thermal store. 
. s(, )), given 
E,, s and the thermo-physical properties of the The TES volume (Vr,, 
storage medium, may be computed thus: the (solid-liquid latent-heat) energy- 
density ( kj/M3)4 of the TES medium is defined as 
(PE ) 
TES (1) - 
(PM)TES(l) 
* AHx 
'This is probably one reason for the abysmal (empty appliance) testing standards. 
2 See also section 2.2.2 on page 46. 
'These requirements are computed in section 4.4 on page 111. 
4Referred to the liquid phase. The ratio P"I may be used to refer the value to the solid PM(1) 
('Charged') phase. 
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LTES 
TES 
Figure 4.18: Schematic diagram of the acttial TES layotit 
Thus the minimum storage volume is 
ETES 
54) VTES (1) 
PE 
) 
TES (1) 
(4.0 
Given the estimates for the required charge/discharge' times of the TES, it re- 
inains to compute tile. distribution of the storage medium about tile DRA interior. 
For this purpose, it is assumed that (a) the TES medium is evenly distributed oil all 
tile four vertical sides of the DRA interior, W there is to be some clearance between 
the DRA wall and tile TES medium (the same clearance existing between the top and 
bottom of the DRA and the TES) and (c) the TES parcels are located between the 
evaporator (rear) and a restraining grid which may be used as a means of enhancing 
the heat transfer between the TES and the DRA interior. The height of each TES 
parcel is taken to be 
HTIES 2, the width to be 
LTES 3 (see Figure 4.18 oil page 148) arid 
the thickness to be 6TES , say. These can be related to the volume of each TES parcel 
as 
VTES 
(1) 
= 
(HTE, x LTES X 6TES) (1) 
4= 
HTES X (HTES 
-2.0 
6TES X 6TES (4.55) 
= 
(HTES )2 * 
6TES 
- 2.0.6TES 
)2 x 
HTE, 
'The melting times will differ from this for several reasons. The principal source of discrepancy 
in this case is the heat gain through the evaporator surface as discussed earlier. For this reason, 
the use of exact solutions to the 'melting problem' is considered unwarranted. 
2WI, Ich is equivalent to the internal height of the DRA less clearances at the top and the bottom. 
3 Equivalent to the width of the TES less twice the thickness of each parcel (6, ). 
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From this 
6TES 
(1) inay be trivially obtained using the quadratic formula'. The 
worst case scenario for the TES volume is given as the case of the TES only config- 
uration'. The cross -sectional area of the TES may thus be computed from 
6TEs(l, in 
.S (1) 
Viz: conjunction with 
VTE 
ATE, 
VTES 
(1) 
(4.56) 6TES 
(1) 
IT, 
HDRA 
6LH 
6TES 
Figure 4.19: Schematic diagram of the TES charge discharge process. 
Tile maximum rate of heat transfer from the TES surface is dictated by the re- 
quirenient to extract tile required heat from the DRA during the night period (-'N'llen 
tile appliance has been recharged for the next day). The obsen-ation is made that 
although the mass densities across the phases differ, due to the nature of tile contain- 
nient inatrix there will be virtually no vortices set up in the fluid phase as a result 
of these differences. Tile implication is that, conduction will be the predominant 
, given 
the following simplifying heat transfer mechanism in both phases. In addition, 
assuin pt i oils: (a) tile thickness of the TES is at least an order of magnitude smaller 
'The 'solid' length 6, (. ) is related to the 
'liquid' length by the. relation 
6m ý-' (+2 3 Pm (1) 
2A similar requirement to the (n+l)'h night-time for the niulti-day HES configuration. 
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than its lateral dimensions', (b) on account of (a) the temperature across the TES 
is effectively constant (at the phase transition temperature, T. ) and (c) any tem- 
perature variations which may otherwise exist will be more appreciable in the liquid 
phase as it possesses the lower thermal diffusivity, then the mean heat transfer rate 
from the TES surface' may be represented, based on a heat balance across the liquid 
phase of the DRA during discharge aS3 
QTES 
hDRA 
- (f A-k.,.,,, (, ) - 
(TDRA- T,,, ) 6LB 
6TES ITES 11TES 
* 
(6TES(l) 
- XI. H) + k(l) 
(4-57) 
Where (f is the extent to which the area normal to the TES thickness has to be 
extended in order to cater for the requisite heat transfer. On substitution for the 
., and 
integrating, the result is then solved for the (TES-DRA heat store thickness 6,,, 
transfer) area to yield 
kTEs(l) 
exp 
ý- 6TES 
(1) (4.58) 
hDRA 
* 
6TES kTES 
-A- 
6TEs 
- 
LTLH, 
DRA 
) 
The preceding analysis has assumed that the TES charging will take place over the 
entire night-time period. This will seldom be the case and will only occur after an 
'inclement period'; as such the extended surface factor ((f) solved for here is for the 
worst case. During normal operation, the TES re-charge will be accomplished much 
earlier on during the night-time and thereon higher heat fluxes may be expected. 
4.5.7 Solar Cell Sizing 
In deducing the required solar cell surface area, account must be taken of the 
location where the DRA is to be used 4. If that has been determined, depending on the 
solar collection/conversion efficiency of the solar cells required, the size of the solar 
cell can be trivially computed given the computed values for the solar cell power 
(PSPV) 
- 
'In essence it is very thin, reducing the analysis to that of a one-Aimensional problem. 
2QI; 
RA - 
MaX 
(OD) ON ) 
3 On the understanding that T,,, is the solid-liquid phase transition temperature, and &,, the 
phase front. 
4 In fact, if the appliance is to be adapted to use mains electricity (or generated power), such 
an analysis will be unnecessary. 
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Closure 
This chapter presents formal equations for assessing the energy requirements in 
the design of a passive-TES DRA under three different prime-mover control options. 
It initially identifies stringent operating requirements, conditions and energy limita- 
tions under which such a system may be employed. The chapter goes on to discuss 
various energy storage types and options, as well as energy management strategies 
which may facilitate the design of an energy efficient system. Finally the various 
system assessment /design equations are presented. These equations are to form the 
basis for a computer-based model (Chapter 4 on page 105) for predicting the out- 
come (in terms of energy consumption) of implementation of the different energy 
management technologies in DRA design. 
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We did then what we knew how to do ... Now we know better, we might do different. 
-M. Angelu 
Introduction 
The passive TES system previously designed in Chapter 4 on page 105 is thermal- 
conduction limited. This limitation, on account of the low values of the ther- 
mal transport properties of typical PCM used for LHTES, restricts the number and 
type of applications to which such a design can be put. For large-scale commer- 
cial/industrial systems, in terms of output capacity and cooling power, such heat- 
flux limitations are untenable. Thus the engineering design of such systems requires 
an alternative, more effective, method/mechanism of heat transmission to and from 
the TES. There are several methods by which the transmission of heat may be en- 
hanced, (each with it's own unique set of merits and demerits); this chapter doc- 
uments the procedure for substituting the passive TES with an alternative (active) 
high heat-flux TES system'. 
'Only the hybrid (battery-TES) configuration will be considered in the following analyses. 
PhD Thesis 0 1999 Cranfield University -Refrigeration Appliances: Performance enhancements via novel Thermal - Energy Storage- 
5,1 General Discussion on the Application 154 
Solar Cell 
Battery 
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Figure 5.1: Schematic diagram of integrated TESs 
5.1 General Discussion on the Application 
5.1.1 Brief Description 
Tile chosen (test case) method is the use of a slurry based, secondary- cool i ng 
circuit fed from a TES (remotely located from the refrigerating appliance) of well 
a, gitated' phase change particles in fluid suspension; tile prinie-inover is thus used 
to charge tile TES via a heat exchanger (the evaporator). 
Tile term slurry as used here implies a Ruidised (liquid in this case) particulate 
system consisting of a base-fluid conveying a PCM., designed for the specific purpose 
of high heat flux thermal transport. The slurry is designed to use (a) the high 
specific energy capacity attending the phase-change process and (b) eliminate tile 
effects of poor thermal conductivity by the particulate sizing and/or changing tile 
fluidisation cond itionS2. 
The slurry is to be pumped through the system from tile TES via a conduit 
through a heat exchanger located within the refrigerating appliance' and then back 
to tile TES; Figure 4.2 oil page 109 is a schematic diagram of one such layout (while 
'For heat, transfer enhancement. 
2 For a strong rationale and the benefits of using slurries consisting of phase-change particles 
see Higligate (1977), Kasza and Clien (1982), Charuilyakorn et al. (1991), Augood (199 1"). 
3 This heat exchanger is akin to the heat exchanger within a nornial DRA. 
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Figures 4.3 and 4.4, qv. pages 109 and 109 respectively are more detailed illustra- 
tions of the internal workings of the TES and the ES-DRA compartment). Thus, 
in addition to the normal DRA inventory (i. e. prime-mover, condenser, evaporator 
etc. ), there are requirements for (a) at least one pump for slurry circulation, (b) 
a mechanism for mixing the contents of the TES'; in this case a mechanical stirrer 
has been chosen, Wa mechanically-strong, thermally-insulated containment for 
the TES and W thermally-insulated piping to convey the slurry between the TES 
and the refrigerating appliance. Important observations are that: 
It is imperative that the insulation applied to the TES (and the conduits) be at 
least of the same quality as (preferably superior to) that of the DRA, as the ther- 
mal potential of the TES will be lower than that of the refrigerating appliance 
giving rise to a higher propensity for heat ingress within the same environ- 
ment. Thermal insulation/heat isolation is highly essential and is probably 
the most critical issue which is to be considered for this application. 
The fluid pump(s) should be such that the amount of heat injected into the 
system on account of either its functioning, or due to its exposure to the 
ambient, is minimised. 
The geometry of the TES should be such as to minimise its volume to external 
surface-area ratio. The considerations here are similar to those for the DRA 
geometry, see section 4.4.1 on page 111. However in this case cylindrical 
geometries are more appropriate. 
The TES should be located as close as possible to the refrigerating appliance 
to minimise, (a) the heat gains to the conduits from the ambient and (b) the 
head-losses associated with the transport of the slurry through the system. 
As with most slurry-based applications, the most important issue is the pre- 
vention of stasis (hold-up) along the slurry transport route (conduit). If ade- 
quate consideration is not given to this issue, an unacceptable level of particle 
deposition will occur which will ultimately lead to clogging and eventually sta- 
sis, grinding the implementation to a halt and possibly damaging the pumping 
equipment. Deposition tends to increase the mean (dynamic) pressure within 
conduits and consequently the power (and ultimately energy) requirements in 
instances where the head is provided by a fixed mass-flow pump (e. g. a re- 
ciprocating device). In some instances this increase in dynamic pressure (and 
thus flow velocity) is sufficient to re-entrain previously deposited particles. In 
such cases the mass transport appears to be between 'dunes' on a haltingly 
'It is conceivable that (a) may be the same as (b), depending on the design. 
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moving slurry bed, a condition known as Lsaltation flow'. This (deposition) 
impairs heat transfer when it occurs in regions where heat transfer is to take 
place; also the power consumption curve of the pumping device may exhibit a 
periodic character which might be detrimental to the device. It is important 
to note that the pressure within the moving slurry (equivalent to the pumping 
power) is at a minimum at the onset of non-saltation flow when no bed exists. 
Transition between these two flow regimes is characterised, in addition to this 
minimum fluid pressure, by a critical mass transit velocity. 
The control of the slurry-flow may necessitate the installation of valves. Valves 
used in such applications are particularly prone to wear (corrosive and erosive) 
and, as such, the selection of such valves is a highly specialised process; in 
most slurry transport applications, clogging tends to take place first within 
the valves; see Tyson (1982) for a detailed account. 
Size degradation of the particulates within the slurry occurs due to attrition 
during transport. This can be reduced by the inclusion of finer particulates 
along with the larger ones. Incidentally, this helps to increase the maximum 
(volume) fraction of the particulates to fluid ratio which the slurry can contain 
[Shook and Roco, 1991, pp. 9], as well as the maximum concentration of the 
slurry which can be successfully pumped [Lam, 1980]. 
In laminar flow of slurries (and possibly within the laminar sub-layer of tur- 
bulent flows) micro-convective thermal conductivity enhancements take place 
as a consequence of the motion of the smaller fines within the slurry [Sohn and 
Chen, 1981]. 
5.1.2 Flow Characterisation 
Slurry (liquid-solid) flow regimes can be characterised roughly into three or 
four different classes, see Table 4.1 on page 111. The homogenous-Bingham flow 
is the limiting ideal-flow condition for slurries. The boundaries between each of 
these flow regimes are not distinct and as with most flow transitions in fluids, are 
accompanied by a transition region where neither regime can be said to solely exist. 
The transition between a fully-moving bed and heterogeneous flow is characterised 
by the slurry flow velocity and it occurs when the flow velocity reaches what is 
known as the 'critical deposit velocity'. The characterisation between homogenous 
and heterogenous is based on the manner and extent to which the solid-load is 
dispersed within the base-liquid. In reality, with the exception of the situation 
when the solid-load consists solely of very finely divided particles, homogeneity is 
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Figure 5-2: Schematic diagram of ES-DRA, with remotely located TESs. 
7ZZ 7 7\1 
mow, ' 
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Figure 5.3: Schematic diagram 
of ES DRA compartment, indicat- 
ing the licat transfer stirfaces. 
Figure 5.4: Schematic diagram 
of external storage TES indicating 
the stirrer and the internal pipe-- 
work. 
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never reached; see Hunt (1969) and, Shook and Roco (1991), Chapters 2,3 and 5, for 
discussions on the subject. 
For the purpose of this analysis, it will be assumed that the flow regimes will be 
(a) heterogenous or non-homogenous, (b) fully-developed and W turbulent. 
5.2 Design Parameters 
Scope 
Much of systems analysis of this design is akin to that given in section 4.4.4 on 
page 118 and as such the principal concern here is to assess the differences in the 
coolth requirements and identify any additional electrical energy requirements which 
arise due to the difference in thermal storage and transport requirements. These are 
then fed into the model devised in Chapter 4 on page 105 for a further analysis. 
The following are the design parameters to be used in this design analysis: 
5.2.1 Basic Assumptions 
The following basic assumptions have been made: 
The secondary fluid shall consist of a slurry of phase-change (hydrophilic) 
'particles', hereinafter referred to as the 'solid-load', carried in an inert oil 
stream (e. g. Paraffin). 
2. The flow regime is to be such that no settling/sedimentation of the hydrophilic 
particles (i. e. solid-load) occursi. 
3. The slurry is to be such that during normal operation, no agglomeration of 
the particles occur. This Places restrictions on the maximum proportion of the 
(volume) ratio of the solid-load to the carrier fluid for a given flow velocity, 
see Augood (1997). This and the preceding assumption (2) place restrictions 
as to the minimum particle size. 
4. The characteristic diameter of the average particle size shall be significantly 
less than' the conduit characteristic diameter (hydraulic mean bore). The 
particle diameter has a bearing on the extent of the heat transfer enhance- 
ment which may be achieved. If the (slurry) flow is assumed to be turbulent, 
'Ideally, the particles should be neutrally-buoyant at the stream velociti, and the latent heat 
transition temperature of the solid-load. This is to prevent either settling or the case where the 
solid-load aggregates on the upper surface of the conveying conduit. 
2 In the order of magnitude sense; in the present case, assumed to be one order of magnitude. 
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then micro-convective thermal conductivity enhancement within the laminar 
boundary layer would occur, if the solid-load particle diameters are consider- 
ably less than the boundary layer thickness [Goel et al., 1994]. The particle 
diameter can be a key factor in determining the minimum slurry flow velocity 
and also, from the point of view of bulk transport there is less likelihood of 
particle damage due to attrition, the smaller the mean particle size op. cit. 
5. No significant spatial variations in either the particle, or fluid temperatures 
and no temperature gradients exist either within the pipe', or between the 
piping and its contents. The justification for this goes thus: 
Given that due to the two-phase nature of the fluid, (a) the flow is 
turbulent and (b) consists of fluid particles (solid-load) with average 
diameters sufficiently smaller than the pipe diameter, then: 
(i) Irrespective of the enhanced particle-fluid heat transfer (due to W)' 
and in consequence of the geometrical implications inherent in W 
above, the magnitude of the particle Biot numbers may be suffi- 
ciently small (< 0.1) to justify the approximate uniform particle 
cross-sectional temperature (lumped parameter) criterion for indi- 
vidual particles, and 
(ii) For small pipe diameters, turbulent-mixing as a consequence of (a) 
above, may suffice for the approximation of uniform cross-sectional 
temperature to hold within the fluid, for regions not too near the 
pipe wall. 
Based on these considerations, the slurry (particles and fluid bulk) may 
be essentially characterised by one temperature. 
0 If the (effective) thermal resistance on the pipe exterior is higher than 
that on the interior surface 3 and the thermal resistance of the pipe is 
comparatively low 4, then the temperature of the pipe would be prac- 
tically indistinguishable from that characterising its interior boundary 
layer, which in turn would not differ markedly from that of the bulk 
fluid. 
1 i. e. the contents are thermally mixed. 
2 Which presumably will be restricted to the laminar boundary layer, if the flow is turbulent. 
3 This would be expected in situations where the pipe surface is insulated and/or the exterior 
heat transfer mechanism is due to buoyancy i. e. the heat transfer coefficient exterior to the pipe 
is much less than that on the interior surface. 
4 Presumably as a consequence of a high thermal conductivity of the pipe material and/or small 
pipe wall thickness. 
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6. The solid-load is the principal thermal energy carrier from the TES. Thus the 
ma, ss-flow rate required for heat transfer from the slurry to the refrigerating 
compartment can be reckoned on the premise that the transferable energy 
in the stream is entirely due to the solid-load latent heat storage capacitý. 
This constant temperature stream assumption has several implications. In 
addition to those laid out commencing on page 88, it can help to minimise the 
energy loss on account of the heat gain to the slurry during transport to the 
refrigerating appliance and it can provide an isothermal heat exchange surface 
for the heat transfer from the refrigerating appliance. This consideration gives 
rise to the condition that the maximum temperature of the heat transfer fluid 
(slurry) entering or exiting the refrigerating appliance is T,. (the slurry solid- 
load phase transition temperature)- 
7. The heat pump sizing shall be done on the basis of the maximum heat transfer 
rates. 
away from the re- 8. The thermal store shall be situated at a proximity L,,,, 
frigerator'. 
5.2.2 Physical Property Estimates 
In order to characterise the slurry behaviour under working conditions, it is 
necessary to obtain reliable estimates for the values of parameters to be used in 
correlating the relevant phenomena. In general, the estimates for the apparent 
values of the various thermo-physical properties tend to be higher for slurries than 
for the base-liquid. This effect is the result of several different phenomena occurring 
on account of the nature of suspensions and the additional effects of the motion (and 
relative motion) of the base-liquid and the solid-load (see Legal (1973), Sohn and 
Chen (1981) for discussions as to these effects). In some instances, the effect of these 
increases in apparent fluid-property values may counteract, attenuating rather than 
enhancing derived fluid transport parameters. An instance of this (pertinent to 
these analyses) is the determination of the heat transfer coefficient. Consider the 
well known Sider and Tate (1936) correlation' for the Nusselt number for turbulent 
flow in pipes. 
Nu Re'-'Rr1/3 
'This is particularly crucial for the flow between the TES and the refrigerating appliance, as 
concerns about heat gains to the slurry return line can be addressed, in part, by cooling the 
condenser coolant with this return slurry stream. 
'The same conclusion can be reached using the Dittus-Boelter correlation [Chapman, 1984, pp. 
281]. 
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This may be represented as: 
h --ok 
2/3 CP 1/3 v 0.8 A- 0.467 
Clearly the magnitude of the improvements of the thermo-physical properties 
are attenuated in the carry-through to the heat transfer coefficient. This is true for 
other (physical-property based) characterising parameters, particularly in situations 
where quotients are involved, as with the viscosity in the illustration. Illustrative 
of this are reports in the literature where claims of up to thirty-fold improvements 
in the resultant thermal conductivity [Kasza and Chen, 1982; Choi et al., 19941 are 
only met with claims of circa three-fold increases in heat transfer coefficient [Choi 
et al., 1994; Goel et al., 1994]. 
The following relations are given on the basis that the slurry can be assumed 
to be homogenous (or at least approaches this ideal condition). In line with the 
isothermal heat transfer assumption, only property values at the phase transition 
temperature TL11 will be considered. 
The solid volume ratio, 
( (V) 
(s) -load slur. i of the slurry is defined as the average', of 
the insitu, volume ratio ((, ) of the particulates (solid-load) to the fluid content 
of the slurry. For the purpose of the ensuing analysis, the magnitude of these two 
quantities shall be assumed equal, i. e. that the slurry is completely mixed. 
The ratio of the density of the suspended particles (solid-load) in the flow to the 
density of the suspending fluid is known as the slurry mass density ratio, ((,,, jslur. 1 
and is defined as: 
((pm)slur. = 
(Pm)(m)-load 
(Pm)base-(l) 
The solid-load mass density, 
(Pm)(s)-Ioad7may be obtained from the relative volume 
proportions of the mass densities of water and TES (PVA) contents in the solid-load. 
(Pm)(s)-load ý (PM)PVA + ((VIR201) (s)-load X RPMIR201) - (PM)PVAI 
As the degree of hydration of the PVA approaches 100%, 
The slurry density, (P,, jMur. 7 in turn may 
be computed from the volume proportions 
of the mass densities of the solid-load and slurry base-liquid. 
(P,,, ), I. r. ý 
(PTyi)base-(l) [1-0 + ((V)(a)-Wd * 
(((pm)! 
Jur. - 
'A definition necessitated because of the radial variations in the distribution of the solids within 
the carrying fluid, a greater proportion being close to the bottom of the conduit, see Shook and 
Roco (199 1), pp. 29. 
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The resultant viscosity of the slurry, may be obtained from the Ein- 
stein (1906) -Thomas (1965) relation. This relation is best for mono-sized spheres 
in a homogeneous suspension and is used here as an approximation. Ideally the 
viscosity of the resultant 'Buid'should be experimentally determined. 
Aslur. 
- 
[1.0 + 2.5-( (V) (a) - load+10.05-((V)(s)-Wd 
2.0 
+ 0.00273 exp 
(16.6-((V)(s)-load)] 
Abase-(1) 
The mass fraction of water in the slurry may be computed from 
(ýMIH201)slur- 
= 
((m)(s)-load X ((T'IIR2()] )(a) 
-load 
The apparent latent heat capacity of the slurry, may be computed from 
the relation 
(QLH)slur. ý (("IIS20I)slur. X (QLB)IB201 
The thermal conductivity of the hydrated solids may be computed on the as- 
sumption that each individual particle may be modelled assuming parallel conduc- 
tion paths exist within the lattice. The resultant conductivity is thus 
k(s) 
- load= k,,,,, + (k IB201 - 
kPVA) X ((Tn[3201) 
(@)-load 
The evaluation of k(,,,,, ] will be made depending on whether the contained water 
is in the solid or liquid state (i. e. H20(, ) or H20(, )). As with most other thermo- 
physical properties of slurries, the evaluation of the bulk mean conductivity for the 
slurry poses several difficulties, particularly at high solid-load content. Most of 
the available correlations and theoretical equations for slurry thermal conductivity 
estimates are for 'dilute' suspensions. In such fluids the assumption is usually made 
that each particle of the solid-load is free of interaction with other particles to the 
extent that uniform conditions are assumed to exist about each particle. There 
is also the assumption that the slurry behaves like a homogenous material on the 
macro-scale. The problem of determining the effective thermal conductivity of a 
(dilute) suspension was first posed by [Maxwell, 1892, pp. 4401 who presented a 
formal analysis and arrived at the following correlation. 
2.0. 
k (. ) - load + 1-0 + ((V)(a)-load k (. ) - load 1.0) 
k,,.,,. kbase- (1) 
( 
kbase-(l) 
kbase- 
(1) 2.0. 
k(. )-Ioad +1.0-2.0- 
((V)(m)-Wd k (. ) - load 1.0) 
kbase- (1) 
( 
kbase- (1) 
(5.1) 
Maxwell's result (the most widely used in the literature) has been extended by 
a number of investigators notably Rocha and Acrivos (1973), who gave results for 
arbitrarily-shaped particulates in suspension. Legal (1973) first investigated the case 
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of a slurry in motion', where he indicated that thermal conductivity enhancements 
occur on account of relative motion between the base-liquid and the solid-load (see 
also Nir and Acrivos (1976)). Charunyakorn et al. (1991) took cognisance of previ- 
ously published theoretical estimates and arrived at a more complicated correlation 
for flow in circular ducts limited to concentrations of not exceeding 10% solids by 
volume. However, evidence from the literature [Goel et al., 1994] tends to suggest 
that the Maxwell correlation may be used for slurries of concentrations of up to 22%. 
There is a lot of confusion in the literature as to the appropriate correlation for the 
thermal conductivity of slurries exceeding 30% solids content (by volume) and most 
authors only make cursory reference to it, if any at all, (see for instance Govier and 
Aziz (1972), Shook and Roco (1991), Cheremisinoff (1986)). The consensus though, 
is that the value predicted by the Maxwell correlation will be a conservative esti- 
mate. In the current undertaking, eqn (4.1) will be used for estimating the effective 
thermal conductivity of the slurry. 
5.3 Energy Requirement Assessment 
In order to compute the system's total energy requirement it is necessary to 
compute the head-losses that would be incurred in the pumping and the mixing of 
the slurry. In addition to the (pump) energy required to cater for these head-losses, 
there are thermal energy burdens: 
Associated with the intrinsic viscous dissipation of 'head-loss work', the mag- 
nitudes of the converted energy (work to heat) being entirely equivalent in 
consequence of the first law 2- 
2. Accruing on account of pump efficiency, whereby, power consumption in excess 
of the electrical energy equivalent of the total head requirement is converted 
to heat; a good proportion of which may be admitted to the system. 
The ensemble of these heat loads will be hereinafter referred to as the heat gains 
due to the slurry pumping process, QPump. In the light of the foregoing it is highly 
expedient to attempt to keep mechanical work inputs to the system minimal, as 
(generally) each unit of mechanical work input to the system places at least an 
additional equivalent thermal burden on the system. 
'Because of the enhancement created by the particle-fluid interactions, the effective conductiv- 
ity of flow slurries is higher than that predicted by eqn (4.1). 
2 An exception to this is any work done against gravity; this work is not converted to heat. 
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The rate at which the slurry flows in the pipe is a key factor in these analyses and 
it is thus necessary to determine a bulk velocity at which the slurry will be conveyed 
to and from the TES. This is because the mass-flow rate (or mass-velocity), 7ft, deter- 
mines the mean flow velocity, which is inextricably linked to other system parameters 
such as, the flow heat transfer coefficient and the line head-losses. In the present 
application, there are several factors that influence the determination of the mass- 
velocity. Two key factors are the need (a) for the transport fluid to contain sufficient 
(coolth) energy for transfer (i. e. the cooling mass-flow rate requirement) and W 
to ensure that the flow is homogenous (or at least pseudo-homogenous) to prevent 
deposition (i. e. that its flow velocity exceeds the critical resuspension /deposition 
velocity, v,,,, for the continuous suspension of its constituent solid-load). 
5.3.1.1 Coolth Capacity 
In the determination of the mass-velocity, which is here based on the heat trans- 
fer rate required to compensate for the heat gains to the refrigerating appliance 
(inclusive of the gains associated with slurry transport), account has to be taken 
of both the heat addition to the (slurry) transport lines due to viscous dissipation 
of work and other heat gains to the conveying conduit incurred during transport. 
The following analysis is cast to determine the minimum mass-flow rate necessary to 
cater for the thermal gains to the refrigerating compartment and the gains associated 
with the process. 
If in addition to the initial assumption that the slurry transport-pipe (and con- 
tents) remain isothermal throughout the process, the consistent assumption is made 
that all the latent heat available for transfer in any element of fluid would be com- 
pletely transfered out of the slurry as it makes its way from and back to the TES, 
then 
Th, lur. = max 
PT, 
) 
'lur. 
XEN, pump, pipe QI (P,,, )., Iur. X 
ED, Pump, pipe Q 
(5.2) 
(PE)slur. (PE)slur. 
The mass continuity' equation can be rearranged to make the velocity the subject 
term viz 
4.0 * Tilslur. (Vslur. )Q = 
7rp, - 
Dpipe 2 
(5.3) 
The mass-flow rate relation eqn (4.2) and the slurry density suffice to determine 
one value for the flow velocity. 
'The understanding here is for full-bore pipe flow. 
PhD Thesis 0 1999 Cranfield University -Refngeration 
Apphances: Performance enhancements via novel 
Thermal 
- 
Energy Storage- 
5.3 Energy Requirement Assessment 166 
5.3.1.2 Critical Velocity Analysis 
The process of settling during slurry flow is characterised by a great many indi- 
vidual phenomena. While it is sufficient to assume that if the particles are 'neutrally- 
buoyant' in suspension, deposition will not occur, factors like the particle drag coef- 
ficient, the mean slurry velocity, the relative velocity between each particle and the 
suspending fluid etc. also play key roles in dictating whether settling will or will not 
occur and if so to what extent. As mentioned earlier one defining parameter with 
regard to this is the critical (resuspension) velocity, v,,,. 
Thus a second criteria for the determination of the mass-velocity of the flow 
is the condition that the flow velocity is not less than the critical resuspension 
velocity. This will ensure that settling does not occur in the flow, adversely affecting 
heat transfer and ultimately causing blockage/hold-up. This critical resuspension 
velocity is a function of the mean settling velocity (vo) of the particles within the 
slurry and other flow characterising parameters (e. g. viscosity, density, etc. ). In 
turn, the settling velocity is a function of the resultant drag coefficient on each 
individual particle, interaction between particles, the properties of the ensuing fluid 
etc. There are several correlations in the literature for the determination of the 
settling velocity, drag coefficient and their interdependence. However several of the 
correlations neither take into account the stream velocity nor the viscosity of the 
resultant slurry or that of the base fluid. In many cases the correlations are cast 
in terms of the resultant coefficient of drag of the suspended particles, for which 
there is no satisfactory correlation. Unsurprisingly, there does not seem to be much 
consistency amongst them, [Govier and Aziz, 1972; Wani, 1986] 1. In view of the 
necessity to determine some value for these parameters, the following need to be 
considered. 
The particle settling velocity 
The settling velocity of a particle depends on the resistance to flow the particle 
experiences in free fall. It is dependent on the physical properties of the fluid 
in which the motion occurs, on the geometric shape and surface roughness of the 
particle. The geometric and surface roughness dependence is characterised by the 
coefficient of drag of the particle. Generally, the smoother a body and the closer its 
geometric shape approaches that of a sphere, the lower its coefficient of drag and the 
higher its settling velocity. In situations where there is relative motion between the 
surrounding fluid and the particle's normal to the direction of settling, the settling 
velocity is also affected by the various forces of lift QShook and Roco, 1991, pp. 15- 
1 Wani (1986), gives six different tables each cataloguing 16 correlations for estimates for the 
critical velocity from different studies, each correlation in each table yielding a different result! See 
also Oroskar and Turian (1980), for a discussion on this. 
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17]) and the critical diameter of the smallest settling particle will differ considerably 
from that for a stagnant fluid [Atapattu et al., 1988]. Also, the settling velocity of 
a single particle in a fluid differs greatly from that of the mean settling velocity 
of particles in the same fluid ceterisparabus. The reason for this is the (direct 
and indirect) interaction between particles, in particular the increased resistance 
to flow as a result of the interference of the boundary layers of each particle and 
from inter-particle collusions. Observation reveals a tendency for the particles in 
a moving slurry to agglomerate; for slurries of diverse particle sizes, the smaller 
'fines' tend to form 'homogeneous' suspensions with the carrier fluid increasing its 
viscosity and thus its flow resistance (as well as the mean heat transfer coefficient 
within the slurry [Goel et al., 1994]). It thus stands to reason that, if the settling 
velocity is computed on the basis of a single spherical particle, predicted velocities 
would exceed observed values. This would result in critical velocities that are also 
higher than observed, guaranteeing that sedimentation would not occur. On this 
understanding, the settling velocity can be computed based on the recommendation 
of Govier and Aziz (1972), pp. 6, using Allen (1900): 
vo = 0.2 0 
[gPm(n)-load 
- Pmbase-(I) 
0.72 
PTn base - (1) 
1 
1.0 (a) -load 
VOPmbase- (1) 
ilbase 
- (1) 
D(s)-load 1.18 
(P/Pin) 
base- 
1000 
D(z) 
- load in this case being the mean particle diameter. 
(5.4) 
The particle critical velocity 
The mean critical resuspension velocity (v .. o) can 
be computed from the corre- 
lation of Oroskar and Turian (1980) 1 
vmO 
05 =1.85- 
(ýV) 
(a) -load 
0.1536(l 
_ 
((V) 
(s)- load) 
0.3564 x 
[g ((pm),,.,. - (pm) (1)) ]' 
(D(s)-Wd 
(5-5) 0-09 
Dpipe * 
(Pm) 
(1) - [gD(. )-load 
1)]0.5 
In determining the mass-flow rate of the slurry, the maximum of the slurry 
velocity based on either the heat transfer requirements, (VS1ur. )Q1 eqn(4.3) or the 
critical resuspension velocity, v,,,, eqn (4.5) is used to determine the slurry bulk 
velocity 
v,,.,. = max( 
(Vslur. )Q7 VTnO ) (5.6) 
'Here the assumption is that the ratio "<0.5; see Shook and Roco (1991), pp. 98, for an vTnO 
explanation. 
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and from this the mass-flow rate of the slurry can be obtained. 
5.3.2 Head-Loss Assessment 
In assessing the fluid pumping requirements for the application, the total length 
of the piping is added to estimates for equivalent' pipe-loss lengths. The values 
for the head-losses are dependent on the mean friction factor obtaining over each 
length; the Darcy-Weisbach equation is generally used for estimating head-losses in 
pipe flow 
L) (V2) 
AH =64 2 Dpipe 9 
The correction for slurry flow is then applied to this resultant equivalent length 
and finally, the total head-loss is computed as the sum of the different head-losses. 
The velocity used in the computation of the head is the slurry mean flow velocity (as 
computed from eqn (4.6)); were f is the non-dimensional frictional coefficient, (this 
differs from the so called Fanning friction factor by a factor of 4). For turbulent 
flows this can be obtained from either the Moody (1944) plot, or from correlationS2. 
The length of the piping comprises: 
The length of pipe work within the heat exchanger positioned inside the re- 
frigerating compartment. 
The length of pipe work conveying the slurry between the refrigerating com- 
partment and the TES. 
* The length of any pipe work within the thermal sink. 
The equivalent lengths consists of- 
* Length losses associated with changes in elevation. 
9 Length losses associated with bends. 
e Length losses associated with entry into and exit from the TES. 
'These are additions to the length of say, a bend, to cater for the increases in head-losses due 
to the bend. 
'See Schlichting (1968), Chapter XX, for a comprehensive exposition, with references, on fric- 
tion factors. 
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5.3.2.1 Elevation Losses 
i6q 
The head-loss analysis is to be undertaken on the assumption that the bulk of 
the piping is to be mounted horizontally. In order to accommodate this assumption, 
it is necessary to account for the pressure head required to move the slurry against 
the maximum vertical distance it travels, in addition to the gravity head. This 
distance is either the height of the appliance, or the height of the TES' depending 
on which is larger. The pertinent head-loss relation is simply: 
AHT Aheight - 1.0 +- 
ur. 
2 g-D 
(1) vs, 
pipe 
The value of the friction coefficient, f, is to be computed as in the case for 
the normal pipe run (see eqn(4.12)). Also note that the first term in the outer 
parenthesis is representative of the work done against gravity and is not converted 
to heat by viscous dissipation. 
5.3.3 Bend Losses 
The head-losses associated with each bend in the pipeline are necessarily greater 
than those for straight-runs. Slurry flow head-losses are usually correlated in rela- 
tion to the head-losses of the base carrier fluid under a similar set of circumstances. 
The nature of the liquid flow alters markedly in passing through a bend, due to 
the usual occurrence of twin centrifugally-induced vortices normal to the flow di- 
rection, see Goldstein et al. (1950), pp. 314, and Schlichting (1968), pp. 589. For 
slurries, the flow pattern is much more complex, [Wildman et al., 1984], as there is 
a tendency for centrifugally-induced segregation to occur at sharp bends, with the 
coarser particles migrating to the 'outer' wall and the fines concentrating on the 
suction wall. 
For the present application, the limitations of space in the refrigerating com- 
partment necessitate the use of low bend radii (principally for the corners). A value 
of 1.5 has been chosen for rr/Dp, p,. 
Based on the forgoing considerations, the head- 
losses of the carrier fluid under similar conditions shall be deemed to be a reasonable 
approximation to those occurring in the slurry. The friction factor for head-losses 
in single-phase fluids through bends can be computed from the correlations of It- 
I The value of the slurry storage height is dependent on, amongst other things, this gravity- 
associated work. 
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o (1959,1960,1987), who gives the following correlations for 
0.029 + 0.304 - De 
-0.25 
0.5 
2- rr (5.7) Dpipe 
) 
300 > De > 0.034 
where De is the flow Dean number' , defined 
([Schlichting, 1968, pp. 589]) as 
De = 
Dpipe * 
(Vsiur. X Pm) (1) 
2.0 
m(1) 
) (2. 
r, 
) 
Thus the head-loss due to all the corners is 
= () 
Vslur. 2x EL, 
g- 
Dpipe (5-8) 
L, is the total length of all the pipe bends (90' elbows), each representable where E 
as 27r - r, 
4 
5.3.3.1 End Losses 
On the assumption that there is no piping within the thermal sink (TES), the 
additional head-losses are due to the sudden expansion and contraction at the 
reservoir-pipe exit and entrance. These can be estimated from the correlations 
given by Duncan et al. (1981), pp. pp. 411 ff For the entry flow into the reservoir, 
the losses may be assumed to be those due to sudden expansion (assuming that 
there would be some pressure recovery). In this case, the approximate equation for 
the head-loss (length) is 
Vslur. 2) pipe AH, 
(2-g 
ATw 
(5-9) 
If the available reservoir expansion area perpendicular to the pipe is much larger 
than the pipe area, then the head-loss may be modified to omit the area ratio term. 
Thus, this head-loss is reduced to the quotient of the dynamic pressure within the 
pipe before entry and the corresponding fluid density. 
'Below a value of 0.034 the friction factor of a curved pipe practically coincides with that of a 
straight pipe. 
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For the slurry transfer from the reservoir into the conduit, the losses mv be ýk 
approximated as that of sudden contraction op. cd. 
AH, 
Vsiur. 2) 
"*j 
(2.0 
-g 
(5-10) 
Where the relevant constant of proportionality is dependent on the ratio of the 
two diameters (the conduit, Apipe7 and the reservoir, A,. ) and on the Reynolds num- 
ber of the downstream flow. From the table given in that reference, the maximum 
approaches 0.51. If this is applied to the current design, the value of the head-loss 
due to this contraction is seen to be half that of the case of the inlet. 
AHend-ZAH, +EAH>- 
5.3.3.2 Length Losses 
The (straight-run) line losses can be estimated from (see page 120) 
AH, =f 
Lpipe * vs, ur. 2-Dpipe 9 
For laminar pipe flow it is demonstrable that the value of this coefficient is 
64 
Re,, 
(5-12) 
Where Re,, is the pipe diameter Reynolds number. 
Re,, = 
p, -v- Dpipe 
p 
It is expected that the Reynolds number (Re,, ) for the base fluid (paraffin), with 
the same flow velocity as the slurry, will be well within the laminar regime'. In the 
unlikely event that the base flow is turbulent, the relation given by Schlichting (1968) 
will be used: 
f=0.817. 
log(ReDvFf) - 0.8 (5-13) 
It is to be noted that this relation should only be used for 'smooth' pipes, i. e. 
smooth in the sense that typical pipe rugosities lie within the laminar sub-layer. If 
this is not the case, then the Moody, op. cit., plot must be used. 
10. Reynolds characterises the onset of the laminar-turbulence transition, for pipe flow, as 
occurring at around 2,100, while at Reynolds numbers in excess of 2,500 flows may be characterised 
as fully turbulent. However, due to solid-load activity within the flow, there is little likelihood that 
laminar behaviour would persist over any appreciable length. This notwithstanding, the correlation 
is used as recommended as the consideration here is for the base-liquid. 
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5.3.3.3 Slurry Head-Loss Correction 
172- 
The slurry head-losses are typically correlated as a linear function of the head- 
losses of the carrier fluid [Shook and Roco, 1991, pp. 102] in terms of a non- 
dimensional excess head-loss coefficient 4ý 
(D = 
or 
Hslur. - H(j) 
((V) 
(s) -load -H 
Hslur. = H(, ) - 
(1-0 + ((V)(s)-load * 4CI)) (5-14) 
Typically the computation of this (D coefficient is by some variant of the gener- 
alised Durand and Condolis (1952), non-dimensional head-loss correlation 
2 v V/C-D 
(5-15) 
g-D, i,. -- 1) 
Vertical runs The slurry correction for vertical flows can be represented as 
ýýT 
= (((P'J, l-, - - 
1) (5-16) 
However for slurries of low-moderate (up to 30% concentration and 
for coarse particles (D(. )-Ioad> 0.5 mm), the wall friction has been observed to 
approach that of the carrier fluid i. e. 41o -ý 0, [Newitt et al., 196 11 
Ends Little research has been done to assess the slurry head-loss correction for 
sudden changes in section. The evidence tends to suggest that the correc- 
tion is negligible within regions of practical significance (see Weltmann and 
Keller (1956)) hence (4ý,, 4), ) = 0. 
Bends Toda et al. (1972,1973) determined that for bends in the horizontal and for 
ratios of bend radius to pipe diameter (r"/D,,, ) of less than eight, the difference 
in water and slurry flow pressure drops are virtually undetectable QShook and 
Roco, 1991, pp. 241]). Thus for the present application, 4ý, = 0. 
Horizontal runs Newitt et al. (1955) give the following correlation for the upper 
limit of 4) in horizontal pipe flow 
4(D-+ = 
66 -g-D, i,. - 
[((pm)! 
Jur. 
vo 
(5.17) 
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Total Head-Loss 
173 
The total head-loss is the sum of all the other subsidiary head-losses (elevation 
losses, bend losses, end losses, length losses); from the foregoing, the total head is: 
end, F*, -+ 
A Htot. AHj - 
(1-0 + ((I)(s)-load * (Dj) (5-18) 
The head-loss in terms of pressure can be computed from the relation 
ZýP = (Pm)slur. -g- AH,, u,. 
(5.19) 
Pump Capacity and Electrical Energy Requirements 
In considering the issue of pump selection, the intended application, efficiency 
and cost must also be taken into account. For most slurry conveyance applications 
centrifugal pumps' are the usual choice, see Walker (1980) and Ando et al. (1986), 
pp. 772. The volumetric capacity of the selected pump is given by 
Vslur. = (Til ' Pm)slur. (5.20) 
and required pressure head is given by eqn (4.19) 
The efficiencies of such pumps (77pump) are characteristically in the region of (65- 
80)%. Taking into account the variations in loading conditions, an efficiency estimate 
of about 50% has been chosen here. The electrical power requirements for the 
delivery of a given mass-flow (7i-L) of a fluid of density (p, ) at a specified pressure 
head (AP) may be obtained from: 
Ppu-p(e) 
=( 
AP - Til ) 
'lur. 
(5.21) 
PM x 77 pump 
5.3.4 Reservoir agitation requirements 
It may be necessary to stir the slurry within the reservoir for the following reasons 
* To inhibit sedimentation. 
'There are other more efficient pumps which have been developed for the movement of slurries, 
most notably, the pulsating pump which is highly desirable for pumping large concentration slurries. 
Investigation into such technologies may become more appropriate at the prototype-design stage 
of the design process. 
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9 To enhance heat transfer at the slurry-evaporator interface. 
* To ensure the rapid cooling of the spent, returned slurry. 
A full analysis of the mixing of slurries in vessels is a very involved and com- 
plex process and a detailed treatment will not be attempted here. From a design 
perspective, it is instructive to consider the conclusions of various workers in the 
field. 
The mixing in stirred vessels is usually dominated by a process called back- 
mixing [Ando et al., 1986]. This phenomenon is characterised by adjacent regions of 
'contra-flow' within the vessel. Oldshue (1986) states important considerations to 
be given with regard to mixing impellers viz': 
9 Impeller size. 
* Impeller speed. 
* Impeller geometry (width, blade angle, pitch, etc. ). 
That author further indicates that a (highly application-specific) optimum de- 
sign can be achieved taking these into consideration. In general, however the most 
efficient impellers are the so called axial 3-blade impellers [Oldshue, 1986, pp. 8171 
(see also Zwietering (1958) where the power numbers obtained in a series of experi- 
ments are given). The design of any such impeller must be done in conjunction with 
the design of the tank geometry. It is expedient to avoid non-cylindrical vessels, 
op. cit., as this tends to engender stagnation or secondary flow regions close to the 
corners. For most applications the best tank geometry is a (cylindrical) 'square 
batch'. As an absolute minimum, the vessel diameter-to-fluid height must not be 
less than 0.3, whilst for ratios in excess of 1.0 a multi-impeller design is desirable. 
Thus the volume of the TES is 
VTZS 
DTES 3 
(5.22) 
4 
In order to ensure efficient stirring, special attention should be paid to the ensuing 
flow pattern. Generally, for most applications, baffles are required. This is to ensure 
that swirling and poor blending do not result. Typically, unbaffled systems have 
virtually no vertical currents or velocity gradients, both of which are essential for 
mixing. There is evidence to suggest that for efficiency purposes the impeller shaft 
should be inclined to the vertical in the absence of baffles, the exact tilt angle being 
'Other techniques may be used for this stirring process e. g. fluid injection. The decision here 
was, as with elsewhere in this work, to use the simplest technique. 
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dependent on the application and the impeller blade angle (Oldshue, loc. cit., pp. 
816). Extreme care must be taken in the baffle design, as baffle design insufficienc., % 
can greatly inhibit the system's overall performance. The most important parameter 
to be borne in mind in this instance is the viscosity of the mix. Generally, for 
viscosities in excess of 0.50 N s/ml (500 cP), baffles are usually not necessary as the 
viscous drag of the fluid acts as a dynamic baffle. Oldshue, loc. cit. pp. 281, gives 
the following correlations for the power required for mixing' 
P =Po, ()- (P,,,, )!, Iur. 'W 
3- Di,,,,. 
alternatively, 
Po, = 
where 
P 
(p", )sl. 
r. * W3 - 
Dimp. 
w is the angular velocity of the impeller, 
Di,,,,. the diameter of the impeller and 
(5.23) 
(5.24) 
PO' ( ... 
) is the non-dimensional power number, Po, and is a function of the im- 
peller flow Reynolds number Rej,,.. 
The definition of Re,,,,,. ( ... 
) is given in a footnote at the bottom of page 127 2. 
'The density term (p, ) was added by the present author, as the correlation given in the reference 
is dimensionally inconsistent. If the power is resolved dimensionally in terms of the mass density 
pm, viscosity M, impeller diameter, Di ,., and the angular velocity, w, the 
following results 
I, - 
(w - Di,,,,. ) - Di, 
tTFs IT-1 ) 
ý- Di, 
--o Rei P. 
( ... 
)b-2 x pm - Di,,, P. 
5. W3 
where Re,,,,,. is a characterising Reynolds-type number with the impeller diameter as characteristic 
length. 
Rei,.,. Re (w, (p,, ý). Iur. I 
[2 
Aslut. 
As this is a dimensional analysis, some constant (in this case Po, serves to relate this 
expression to experimental observation. 
2A figure plotting the dependence of Po, on Rei,,. is given on pp. 820 of the said reference 
where the author erroneously writes 
Po, = 
g-P 
pm . W3 - Di .. P-5 
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The minimum rate of stirring required is that which would curtail the onset 
of sedimentation, i. e. the slurry should be stirred at a rate commensurate with 
compensating for the particle settling velocity [Oldshue, 1986, pp. 817]. Conti and 
Gianetto(1986) give criteria for the classification of different types of solid-liquid 
systems in vessels. Heterogeneous 'fully-suspended' systems are identified by the so 
called 'one second criterion' op. cit. pp. 887; [Zwietering, 1958). This is simply the 
mean time in which any particle can remain at rest at the base of the vessel before 
it is resuspended. These authors state a correlation (initially given by Zwietering, 
loc. cit., )' for the critical speed (w,, ) for which this condition is realised 
0.1 
(, ) - 
D(. 
)-load 
0.2 
. 
[g 
- (((Pm)slur. - 
1)]0.45 . 
[100 
. 
((P", )sl.,. * 
((V)(s)-Wdl 0,13 
Pm (. 5.25) wo sz 0.85 N 
0.31 < p(1) < 9.3 
(X 10-3 N S/M2) 
125 < D(. )-load < 850 (X 10-6M) 
720 < IIP(l) - P(s)-load 11 < 1,810 ( kg m-') 
0.5 < 100 ' «), I. r. » 
«V)(a)-load 
< 20 
0.05 < Di .., < 0.22 
(m) 
S_, is a dimensionless constant characterised, in part, by the ratios of the impeller 
to vessel diameter and the impeller diameter to impeller-vessel base clearance. The 
evidence tends to suggest that lower values of S_, may be utilised with decreasing 
impeller-vessel base clearance, [Conti and Gianetto, 1986, pp. 890]. Several cor- 
relations are available for the determination of this parameter (S, ), predictions of 
which are in close agreement. The following correlation is taken from Zwietering, 
JOC. Cit. 2. 
1.33 
DTES 1.55 ( 
Di,,,,. 
) 
The given data correlates as: 
gx Po, = 0.36 + 57.39 - Rei P. 
(. ) -3.81 + 25-89 - Rej., 
-0. T35 
1.0 < Rei .. P. 
< 106 
(5.26) 
'Baffles are requisite in this case. 
'This is for a two-blade paddle, with a paddle diameter-to-height ratio of 4 and vessel height 
to impeller-base clearance of 20; the quoted power number, Po,, was 2.5. 
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Electrical Energy Requirements 
The determination of the diameter of the impeller is subject to the prevention of 
impairment of impeller motion. For this analysis the clearance between the TES walls 
and the impeller tips will be circa four mean particle diameters. Thus the stirrer 
mechanical power requirements can be determined, and assuming a stirrer efficiency 
of 80%, the electrical power requirements for the stirrer can also be determined 
Pi-p- 
pimp. 
77 imp. 
5.3.5 Heat Gains 
(5.27) 
The additional thermal gains' to the system consist of (a) heat ingress to the 
conduits and TES on account of the ambient temperature and (b) the heat generated 
on account of viscous dissipation of the mechanical work used for the TES mixing 
and for pumping the slurry, taking into cognisance the various process mechanical 
efficiencies. 
5.3.6 Conductive Heat Gains 
5.3.6.1 Conduit Heat Ingress 
The thermal energy gains (to the slurry in transit) due to the ambient tempera- 
ture can be computed from the heat equation. On the assumption that (a) the pipe 
is clad with a thermal insulant of known thickness (L, ) and conductivity (kinsul. ) 2) 
W the ambient heat transfer coefficient is known and W that the conduit can be 
classed as isothermal, then the conduit heat gain per unit run of the conduit can be 
estimated from 
Qpipe 27r - (T, ipe- 
T. 
mb. 
) 
Lpipe 
log (rinsul. )ext. 
(rpipe)ext. 
+ 
kinsul. (rinsul. )et. -hamb. 
(5.28) 
5.3.6.2 Heat Gains to the Thermal Store 
It is assumed that an insulant of the same insulating capability as for the refrig- 
erating compartment (k,,,, ), with a thickness of L, is to be used for the TES, under 
1 i. e. the additional cooling requirements. 
2 As mentioned earlier, the thickness and quality of the insulant, as well as the length of the 
conduits, are central considerations to this design. 
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the same heat transfer conditions and on the understanding that the TES fluid bulk 
is at temperature TLH. The heat gains to the TES may be computed from the equa- 
tion of conduction of heat to an infinite cylinder, with provision made for the ends. 
Here, as elsewhere, no provision is made for edge effects, which serve to increase 
heat ingress into the system. Defining the exterior and interior diameters of the 
clad vessel as (D,.,, and (DTEs)j,, t., respectively, the pertinent approximate equation is 
QTES = 
7r - (D,., - (T,,, ,, 
) 
int. 
T., 
mb. 
log (DTES)ext. ( 
(DTES)int. + 
2-kvpsi (DTEs )ext. - hamb. 
2 7r - k,,, ý - 
(D.,., . (T,., ., 
) 
ext. ,- 
Tmb. ) 
-F 2- kL (5.29) 
Thus the additional direct sensible heat gains to the system are: 
Q(T) = QTES + Qpipe (5-30) 
5.3.7 Viscous Dissipation 
On account of the viscous dissipation of the work used to overcome the wall 
friction (the principal part of the head-losses), heat Qrnech. is generated within the 
slurry. In addition to this, inefficiencies within the pumping mechanism give rise to 
the heat equivalent of the unavailable proportion of the energy input which is lost 
in conversion. For conventional pumps (where the vanes are not thermally isolated 
from the pump rotor) the bulk of the heat generated will find its way into the 
slurry stream. The agitation of the TES also gives rise to heat generation due to the 
viscous dissipation of the work used in stirring; the proportion of this mechanical 
work which is converted to heat would vary depending on the stirrer design. Also, 
as in the case of the slurry pump, the greater part of the heat generated due to the 
inefficient conversion of electrical to mechanical work would tend to ingress the TES. 
For the purpose of estimating an upper bound, it is assumed that all the non-gravity 
associated electrical energy is converted to heat. Thus for the pump 
7ilslur. g [E;, end, r, - (AH + AH - (D)j - Aheight.,, (Qmech. ) 
p. mp : -- 77 pump 
(5.31) 
For the mechanical agitator the heat generated is given by eqn (4-27) 
(Qmech. ) 
imp. 
(Pimp-)(e) 
(5.32) 
71 imp. 
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Thus the additional heat generated on account of mechanical work done on the 
system is 
Qmech. : -:::: 
(Qmech. ) 
pump 
+ (Qmech. ) imp. 
5.3.8 Summary 
(5-33) 
This sub-section collects the results of the analyses presented in the earlier part 
of this section. As mentioned earlier the relations developed in the forgone part 
of this section are for active-TES design the requirenemts in addition to the basic 
energy demands outlined in the previous chapter (Chapter 4 on page 105) for the 
passive-TES case. The information is classified into two categories by energy type 
and subsequently the relation for the total energy requirements is present. 
5.3.8.1 Thermal Storage Requirements 
The additional heat gain (i. e. the cooling load) has been assessed from the heat 
gains to the TES, conduits and the thermal equivalent of the mechanical work re- 
quired to pump the slurry round the system and to keep the TES constantly agitated. 
E(T) :: -- Q(T) + Qmech. 
(i. e. eqn (4.30) and eqn (4.33)) and comprises 
* The energy requirement to cater for the thermal gains for one day. 
The energy gains associated with conveying the slurry to and from the thermal 
sink. This includes the heat gains from the pump, the heat gains from the 
ambient to the conduit and the heat gains due to viscous dissipation (head-loss 
equivalent). 
* The energy gains to the thermal sink. 
The energy gains due to the electrical-to-mechanical work conversion ineffi- 
ciency of the pump. 
* The energy gains as a result of the mixing. 
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5.3.8.2 Electrical Energy Requirements 
The additional electrical energy requirements have been assessed from 
E(e) Ppump(e) + Pimp(e) 
i. e. eqn (4.2 1) and eqn (4-27) and comprise 
18o 
The energy requirements to cater for the continuous movement of the slurry 
through the system. 
e The energy requirements to keep the solid-load within the TES in constant 
suspension. 
5.3.8.3 Total Energy Requirements 
The total energy input into the entire system for each day must equal the sum 
of the total heat gain to the system and the total work input into the system. 
Etot. = 
E(T) +E(e) 
D, N 
= 
1] QDRA 
where 
E Qpipe +E Qmech. + 1: Emech. 
Qmech. = Qpump + Qimp. 
Emech. 
= Epump + Eimp. 
5.4 Thermal Energy Store Sizing 
(5.34) 
In order to compute the heat gains to the thermal sink, the dimensions of the 
thermal sink need to be determined. It is justifiable to use a cylindrical cross-section 
of diameter equal to vertical height'. These internal dimensions are determined by 
the required storage capacity. This is determined by the energy gains accrued over 
one day-time period, Q, say. Thus the containment height (and diameter) are 
defined 
4 ýPQ 3E ýD D,,,, = -f W ; 7rý ' 
ý(#POE ýslur. (5.35) 
1 i. e. a 'square batch'; this can be deduced from both heat transfer and agitation power require- 
ment perspectives, see section 4.3.4 on page 125. 
PhD Thesis 0 1999 Cranfield University -Refrigeration Apphiances: Performance enhancements via novel Thermal 
- 
Energy Storage- 
5,5 Closure 181 
Implicit in the value of Q,, is the heat gain to the TES due to the ambient 
temperature and the heat gain due to viscous dissipation of the stirrer work, both 
being dependent the TES geometry i. e. DTn , estimates for which have been previously 
given. The computation of DT. would necessarily involve some iteration. 
5.5 Closure 
This chapter has presented a subset of the thermal design analysis of a slurry- 
based external storage refrigerating appliance, which can be used as an alternate 
system to that discussed previously in Chapter 4 on page 105. It focused on the 
additional energy requirements such a system will have in comparison to its passive 
storage counterpart (see Chapter 4 on page 105) which result from the remote lo- 
cation of the TES from the ES-DRA. The (additional) requisite energy requirements 
identified in this chapter have been integrated into the model devised in Chapter 4 
on page 105 and the results, with discussions, are presented alongside the results of 
that chapter. 
As mentioned in the introduction to this chapter, mechanical agitation is just one 
method of designing such a system. Fluidisation is another method by which the TES 
agitation may be achieved and in which some of the heat gains/energy requirements 
to the system can be reduced. Conceivably, this may be integrated within the prime- 
mover circuit, with the refrigerant acting as the particle fluidising' and entraining 
agent, ex prime-mover. Figure 4.1 on page 106 illustrates a few 'integrated' options 
within which the fluidisation concept may be implemented. This (fluidisation) has 
the advantages of: 
(a) Negating the need for a separate slurry pump and the heat gains and head- 
losses associated with it. 
Reducing the heat heat transfer process from a two-stage process (primary cir- 
cuit -ý secondary circuit -+ refrigeration appliance heat exchanger) to a single 
stage (primary compressor circuit -ý refrigeration appliance heat exchanger). 
This implies less complexity, less inventory and fewer avenues for coolth losses 
and thus prime-mover associated irreversibilities. 
W Considerably better heat transfer as (i) the particles may (depending on 
design) release their latent heat at the same time as the refrigerant is expanding 
within the evaporator, (ii) greater turbulence and better mixing within the 
refrigerating appliance heat exchange inventory. 
i. e. a rotating/ circulating fluidised bed. 
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(d) Greater leeway in the choice/optimisation of particle size as the boundary 
layers will be thinner, on account of the fluid properties and faster (expansion) 
ga-s phase velocities. 
DRA DRA 
DRA 
Figure 5.5: Schematic diagrain of integrated TES's 
Foreseeably, problems which need to be primarily addressed have to do with (a) 
ensuring inertness between the chosen PCM and the refrigerant and (b) devising a 
method to avoid the PCM particles interfering with the workings of the prime mover, 
possibly using some kind of filtration technique. 
The transmission of slurries through heat exchange inventory in refrigeration 
systems is a technology still well in its infancy and while the heat transfer potential 
is clear, there is little else which is certain about the behaviour of such systems. 
This makes the analytic design process difficult (and probably inefficient). In order 
to harness the potential Inherent in such designs, much research into the underlying 
phenomena of the technology will need to be undertaken. It is the view of tile 
author that, whatever resources are expended on such research will be at least 
com nionsu rate with the benefits which are to be obtained from such systems over 
their passive TES counterparts. 
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Model Results 
6.1 Introduction 184 
We did then what we knew how to do.. Now we know better, we might do different. 
-M. Angelu 
6.1 Introduction 
This chapter documents the predictions of the computer-model which was writ- 
ten to facilitate the (thermal) design specification of the prototype energy storage 
domestic refrigerating appliance (ES-DRA). This preliminary assessment-prediction 
model was developed, in the 'C' computer programming language from the analy- 
ses presented in Chapters 4 and 5, qv. pages 105 and 153 respectively, about the 
commercial ambitions of a refrigeration manufacturing company (Quest Refrigera- 
tion Manufacturing Ltd., Aber park, Flint, Clwyd, North Wales, CH6 5EX UK. ) 
and enables the design calculation of both passive- and active-TES ES-DRA applica- 
tions. The results were used to help guide the design of, principally, a 391 fridge 
for developing-world applications within the expertise of the sponsoring company 
Subsequent to presentation of the findings of the model, the company implemented 
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a detailed design', manufactured and supplied a DRA unit which formed the basis 
of an experimental rig. The experimental test procedure, results, and illustration of 
which are discussed in Chapter 6 on page 181. 
6.2 A Brief Description of the Application 
The modelling process was essentially undertaken in three stages viz (a) an 
assessment of the heat gains into the system, including gains due to utilisation, 
under a given set of conditions, (b) the prediction of the energy storage require- 
ments to effectively operate the ES-DRA under these conditions using different energy 
management strategies, taking into consideration the expected performance of the 
different components and (c), finally, the sizing of the individual components for 
the appliance. 
The computational procedure is based on the concept of 'temperature-time' 
zones, where each 24-hour period is discretised into two distinct time-zones 27 Viz 
day-time and night-time; associated with each is a distinct average temperature. 
The assessment of the total appliance's (coolth and electrical) energy requirements 
was thus computed as the sum of the requirements for each time-zone. A second 
feature of the model is that it is a 'component-based' model, as it deals individually 
with each component as if it were in isolation and does not consider the effects of 
the behaviour of each component on the workings of other components. Specifically, 
it does not 'numerically-model' the DRA compartment in the finite-difference or 
finite-element sense. 
In implementing this model certain simplifying assumptions (consistent with 
those laid out in section 4.2 on page 106) were made regarding the computation of 
the (a) compartment heat gains to the DRA and W energy (electrical and ther- 
mal) requirements of the appliance. Principally, the compartment was idealised as 
a single 'quasi-steady' component' and the heat gains were compute-d based on the 
steady-state equation of Langmuir et al. (see eqn (B. 1)) over the two distinct tem- 
perature periods i. e. the 'day' and 'night' times. The sensible and latent heat gains 
(accounting for the gains due to coolth loss on account of user interaction) for each 
period were computed based on an estimated number of air changes for each period 
and the appliance's (thermal) utilisation load, assumed to be water initially at the 
'The different (minimum) size/capacity requirements for the components (evaporator, TES etc. ) 
were then specified using the predictions of the model, taking into account the different approx- 
imations/assumptions made during the analytical phase of the design process and the available 
industry-standard sizes of the required components. 
'The use of two time-zones was entirely arbitrary and the number may be extended as desired. 
3The multiplicity of the number of variables was influential in the decision to model the system 
as a collection of components. 
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day-time temperature, modelled as a fixed percentage of the internal volume. In 
computing the heat gain through the compartment walls, the assumption is made 
that the super-insulant (VPSI) is located within the composite insulation adjacent 
to the useful cooling space; this is on account of the findings of section 2.5.2 on 
page 641. 
The 'passive' storage section of the model investigates the three different config- 
urations, as given in section 4.4.2 on page 112, viz the 'battery-only' scenario, the 
'TES-only' scenario and the hybrid energy storage, HES (battery and TES), scenario. 
Within the HES scenario, one DRA control mode was investigated, viz the situation 
where the heat-pump is used only during the night-time. 
The 'active' storage section of the model only investigates the scenario whereby 
the heat-pump is utilised solely during the night-time for the HES case. The decision 
to proceed only with the night-time prime-mover operation for the HES in the case 
of the active-TES was based on the results of the passive TES (given in section 5.3.2 
on page 143). 
With respect to the active-TES, the model was used to compute the energy 
consumption and the requisite energy storage capacities for the ES-DRA for (a) a 
nominal day, (b) a three-day inclement period 2 and (c) a five-day inclement period. 
Depending on the TES and DRA operating temperatures, the daily utilisation-load 
cooling requirements and the thermal resistance at the DRA-TES interface, it might 
be necessary to extend the DRA interior heat-transfer surface area to meet the cooling 
requirements. This has also been taken into account in the model implementation 3. 
6.3 Model Findings 
Introduction 
This section presents the results of the computer model; in all cases the com- 
putational work was carried out in relation to a 'base-case' set of conditions and 
system parameters. These conditions were drawn up in part from the specifications 
laid out in section 4.2 on page 106 and partly from other considerations e. g. size, 
I Hereinafter, the phrase 'latent heat gain' will refer to the total heat gains due to the volume-air 
changes, while the term 'sensible heat gain' will refer to the heat gains through the DRA compart- 
ment walls. 
2Essentially this is a period during which the energy supply to the appliance is some fraction 
of that nominally expected; see section 4.4.4.2 on page 129 for a fuller description of this and the 
length of time implied. 
3Note that this is only applicable to cases where a TES is in existence and is assumed to operate 
at a fixed temperature. In other cases i. e. the battery-only scenario, the evaporating temperature 
may be reduced (in theory) without limit negating the use of a surface area extender. 
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flexibility during experimentation etc. Many of these conditions may be varied' de- 
pending on the intention of the modelling exercise. These include (a) the lengths of 
the day-, night- and solar insolation-time and the inclement period, W the dkN - 
and night-time temperatures, relative humidities, compartment volume air changes, 
mean COP, W the DRA operating temperature, the TES operating temperature, the 
TES properties (type, degree of hydration, operating temperature etc. ), the slurry 
properties (concentration, base fluid etc. ), the daily utilisation-load, the insulant 
characteristics (number of layers, layer properties etc. ), the daily utilisation (load, 
pull-down time etc. ), W the daily top-up period, the energy recovery fraction of 
that nominally expected during an inclement period, the night-time prime-mover 
operation early-start period, the component efficiencies (battery, TES, pump, ag- 
itator) etc. The choice of the appliance internal volumes modeled was to a great 
extent to satisfy the production requirements of the affiliated company and to some 
extent for the ease of experimentation. In modelling the active-TES the sponsors 
requirement was only for results of the large volume (110 litre) appliance; but to 
facilitate a direct comparison a 39 litre appliance was also modelled. 
Initially the predictions for the base-case conditions are presented followed by 
an investigation of the effect of the utilisation load. 
6.3.1 Base Case Results 
This section documents the results of the computer model applied to a 'base- 
case' set of conditions. The results presented here include both the passive- and 
active-TES cases as indicated earlier in section 5.2 on page 137. In the interest of 
clarity, these will be presented in tabular form. The initial set of tables contain 
general descriptive information of the 'base' conditions e. g. ambient conditions, TES 
properties etc. The results of the analyses for the passive- and active-TES cases are 
then presented in subsequent subsections. 
'A few of the default parwneters are application specific and changes would require slight 
modifications and recompilation of the sources. 
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Compartment specifications. 
DRA casing material PVC 
DRA geometry Cubic 
Insulation type Composite (polyurethane foam+VPSI) 
Layer position (relative) Internal External 
Insulation VPSI polyurethane foam 
Thickness (m) 25.4 40.0 
FConductivity (W/m K) 0.002 0.022 
Component efficiencies. 
Efficienciesa Charge Dwell Discharge 
TES 100 100 100 
Battery 
- - 
90 100 90 
Fý o lar Cell 
Period sensitive data. 
Day-time Night-time 
Temperature (OC) 35 20 
Relative Humidity 85 65 
Period (hours) 12 12 
Volume air-changes 51 4 
Heat-Pump COP 1.67 2.07 
Table 6.1: Model input data 
188 
'The qualifying term 'dwell' characterises the degradation/ loss of energy during storage. 
bThis represents the conversion efficiency of solar energy to electricity. The stated value was 
arrived at after lengthy discussions with solar cell manufacturers and is used throughout the mod- 
elling process. 
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Energy related base-conditions. 
Internal temperature ('C) 4±I 
Utilisation load (% total capacity) 60 at day-time temperature 
(TD)a 
Principal load cooling period 18: 00 - 06: 00 
Internal heat transfer coefficient (W/mOC) 6.0 
External heat transfer coefficient (W/m'C) 6.0 
Nominal daily insolation length (hours) 10 
Mean (harvestable) daily insolation (kWh/M2) b 3.5 
Mean daily insolation strength 
(W/M2) 52.5' 
Inclement Period. 
Daily recoverable fraction of nominal 0.2 
solar insolation d 
Daily (fractional) recovery of total 0.25 (battery/TES) capacity pursuant to 
Night-time prime-mover operating regime. 
Day-time top-up requirements (fraction of Q,, ) 0.00 
Fraction of non-solar active period 1.00 
when the prime-mover is active 
Table 6.2: Application characteristics. 
'Day-time utilisation. 
bSee section 4.2 on page 108. 
'3.5kWh/ml-* 10 hours x 15% 
dSee section 4.4.4 on page 118. 
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6.3.2 Passive-TES 
191 
The results for 39,85 and 110 litre DRA's are presented here as computed for the 
preceding base-case conditions. The calculated energy requirements are presented 
first, followed by a more detailed specification of the different parts of the appliance. 
In the passive-TES design, the TES-DRA interior interface area is the primary heat 
exchange surface, with the evaporator assumed to be completely enclosed within the 
TES. 
Internal Capacity (1) 39 85 110 
Internal dimensions (nm) 340x34Ox340 440x44Ox440 493x493x493 
DRA wall conductance (W/ K) 0.05 0.08 0.10 
DRA-TES heat exchange area (m 
2) 0.66 1.21 8. 
Extended surface area factorýý-ý 4.02 4.8 5.3 
Daily coolth requirements 
Latent heat Day 0.014 0.030 0.042 
)b ains 
(Wh Night 0.000C 0.001 0.001 
g (T) Total 0.014 0.031 0.043 
S ibl h t 
Day 0.016 0.027 0.034 
ens e ea 
i ( kWh 
Night 0.010 0.016 0.020 
ns ga (T) Total 0.026 0.043 0.054 
Utili ti h t 
Day 0.00 0.00 0.00 
sa on ea 
)a l d (kWh Night 0.764 1.67 
2.35 
oa (T) Total 0.764 1.67 2.35 
T t lh t 
Day 0.016 0.027 0.034 
o a ea 
b d kWh ) Night 0.769 1.67 
2.37 
ur en 
( 
(T) Total 0.791 1.71 2.40 
'60% day-load utilisation. By day-load utilisation the implication is a thermal load equivalent 
to the given percentage of the DRA capacity, at the mean day-time temperature (TD)7 is placed 
into the ES-DRA at the commencement of the night-time period, with the expectation that this 
load will be brought to the appliance regulation temperature (T,,,, ) at the end of the night-time 
period. 
b Note that the unit in this row is three orders of magnitude less than the norm in the rest of 
the table. 
'Less than half of one part in the fourth decimal place. 
Table 6.4: Base-case dimensions, heat energy burden and heat exchange re- 
quirements for 39,85 and 110 litre ES-DRA's. 
In gaining an insight to the results presented in the following tables, it is helpful 
to note the comparative sizes of the required compressor ratings across the three 
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control regimes. The thermal rating of the compressor is least for the HES configu- 
ration and most for the TES-only configuration. As is expected, the ratings remain 
constant irrespective of either weather clemence or the duration thereof. 
The single-day electrical rating (size) of the solar cells (Table 5.5 on page 144) 
are the same for the battery-only and HES type configurations. This rating is slightly 
lower than the corresponding rating of the TES-only configuration. However, the 
inclement period rating (Table 5.6 on page 146) of the solar cell is highest for the 
battery-only design and least for the HES control regime. 
In all cases the electrical energy storage requirement for the battery-only config- 
uration is less than for the HES-design under corresponding conditions. The converse 
is true in comparing the TES requirements for the TES-only and HES control config- 
urations, where the TES-only configuration requires greater TES capabilities. 
In observing the TES (energy storage) capacity trends, the comparative volumes 
which are required to fulfil the storage requirements may be placed in perspective 
in relation to the useful volume of the appliance. For the HES configuration, in all 
cases, the volume of the TES amounted to less than 1% of the appliance-volume 
(a proportion which decreases with increasing capacity). This is in contrast to 
the TES-only configuration which requires increasingly greater proportions of the 
appliance-volume for the TES as the duration of the inclement weather period in- 
creases (29%, 86% and 117% for single-day, three-day and five-day 39 litre energy 
storage applications respectively). As a result, for the five-day inclement weather 
applications, the TES-only configuration is infeasible as the volume of the TES ex- 
ceeds the appliance volume. 
As is expected the energy storage requirements are linear with the increasing 
length of the inclement period. However, the single-day requirement will not coni- 
cide with any trend-line extraplated from the inclement period energy requirements 
for reasons given in section 4.4.4.2 on page 129. 
Another interesting implication of the difference of the TES-only and HES applica- 
tions is that over an inclement weather period there are more (TES) charge/discharge 
cycles associated with the HES-only configuration. This, as mentioned earlier (see 
section 3.3 on page 77), is desirable for increased rate of return on TES capital in- 
vestment. The charge and discharge rates of the TES under the HES configuration 
are significantly less than that of the TES-only configuration. However the electri- 
cal energy storage charge/discharge requirements are smaller for the battery-only 
configuration than for the HES-only configuration. This is discussed in further de- 
tail later on in this chapter, along with the reason for the trend, how this can be 
overcome and the implications for a non-storage application. 
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6.3.3 Active Storage 
One major difference between the active- and passive-storage ES-DRA's is the 
location of the TES. Whereas in the passive-storage case the TES is internally located, 
the TES is externally located in the active-storage scheme. As a direct consequence of 
this, there are several components (and modifications) needed for an active-storage 
ES-DRA in addition to the requirements for passive-storage ES-DRA e. g. conduits, 
pumps etc. 
This section will initially present general information about the active-storage 
ES-DRA (see also Table 5.3 on page 142); this will be followed by the additional 
energy burdens (thermal and electrical) accrued due to these modifications, then by 
the performance requirements of the various components and finally, by the gross 
energy requirements of the system. These predictions are presented only for the 
HES case and are restricted to the 39 and 110 litre ES-DRA's. As in the passive- 
TES case the utilisation capacity is assumed to be 60% of the DRA volume, with the 
charging load being water at the day-time temperature at the commencement of 
the night-time period i. e. the load-cooling period. 
DRA-TES conduit (circular pipe) 
Material Coppera 
Schedule 40 
Nominal size 1 inch (25 
Inside diameter (mm) 26.6 
Outside diameter (w) 33.4 
Total length (m) 2.0 
Insulation type Polyurethane foam 
Insulant thickness (mm) 25.4 
Insulant value (W/mK) 0.0227777] 
'Data taken from [Chapman, 1984] 
Table 6.8: DRA compartment properties. 
Unlike the passive-TES case, a separate heat exchanger has to be provided within 
the DRA for the active-TES implementation. This consists of several turns' of the 
(bare) slurry-carrying conduit within the DRA, with sufficient clearance between the 
DRA walls and the coiled conduit to permit air movement. As in the passive-TES 
'Typically, the maximum number of turns will depend on the internal height of the appliance, 
the external diameter of the conduit and the various 'clearances' between the DRA-wall and the 
conduit. 
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Dynamic TES 
Geometry Cylindrical (square-batch) 
Insulation type Polyurethane foam 
Insulant thickness (mm) 25.4 
Insulant value (W/mK) 0.022 
Slurry return Base 
Pump location Base 
Table 6.9: Active-TES layout description. 
197 
case, at high utilisation loads, there is the need to extend this heat transfer surface 
area to augment the (DRA air-side) heat transfer. 
Sl 
Type Impeller 
urry pump Efficiency 50 
it t i TES d 
Type 3-blade propeller 
c) ag or ynam a ( 
I 
Efficiency 70 
Table 6.10: Slurry pump and agitator description. 
Within the active-TES there is the need to continuously agitate the slurry to 
ensure that the solid-load remains in suspension (see section 5.3.4 on page 173). 
For this purpose an 3-blade propeller has been used' and the clearance between the 
propeller-edge and the TES wall has been set at four solid-load diameters. 
For the case where no daily utilisation is expected', the additional system re- 
quirements remain largely unchanged. The only modifications which need to be 
made to Table 5.11 on page 150 on account of this are the (mass and linear) velocity 
requirements needed to satisfy the maximum cooling demand and, the internal heat 
transfer surface requirements (see Table 5.13 on page 152). The slurry transport 
(mass and linear) velocities have been based on the 'critical resuspension' criteria 
and hence much of the additional system requirements remain the same 3- 
'This was chosen based on the recommendations of Zwietering (1958); arguably, other more ap- 
propriate technologies may be employed to perform this function, see also Augood (1997), Augood 
et al. (1999). 
2 For instance when the appliance and its contents have been cooled previously, and as such the 
ES-DRA's function is just to maintain the temperature of its contents. 
'The same is true for other utilisation-load schemes used in the parametric study, see sec- 
tion 5.4.1 on page 154. 
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Active-storage HES 39 litre 110 litre 
Solid-load settling (m/s) 0.012 0.012 
Slurry critical resuspension (linear, m/s) 0.222 0.222 
Slurry critical resuspension (mass, kg/s) 0.107 0.107 
Coolth requirement (linear, m/s) 0.004 0.009 
Coolth requirement (mass, kg/s) 0.002 0.004 
Minimum slurry transport (linear, m/s) 0.222 0.222 4-4 
Minimum slurry transport (mass, kg/s) 0.107 0.107 
Volume flow rating (11s) 0.124 0.124 
Power consumption W(, ) 2.5 3.5 
Minimum pressure drop (kPa) 9.8 13.6 
Heat generated (24-hourly, kWh(, )) 0.042 0.057 
Diameter (m) 0.22 0.23 
Critical angular resuspension velocity (r. p. m) 79 75 
4. 'j 
'p. -I Power consumption (W(, )) 3.5 4.0 
Heat generated (24-hourly, 
kWh(T)) 0.08 0.09 
Heat gains day-time 0.113 0.122 
(direct, kWh(T)) night-time 0.074 0.08 
Total heat gain (24-hourly, 
kWh(T)) 0.187 0.202 
Heat gains day-time 0.086 0.086 
(direct, kWh(T)) night-time 0.056 0.056 
Total heat gain (24-hourly, 
kWh(T)) 0.142 0.142 
Number of turns within DRA 9 13 
0 Available heat exchange area (m2) 1.16 2.44 
Required heat exchange area 
(M2) 2.69 7.56 
Extended surface area factor 2.4 3.1 
Additional daily cooling requirements 
Day-time 0.260 0.280 
Night-time 0.192 0.209 
Total 0.452 0.489 
Additional daily electrical energy requirements 
Day-time 0.099 0.124 
Night-time 0.099 0.124 
.W I--, 
L 
Total 0.197 0.249 
198 
Table 6.11: Active-TES ES-DRA additional requirements/ modifications, 60% 
(day-load) utilisation capacity (night-time cooled). 
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6.4 Parametric Study 
6.4.1 Load Dependence 
Introduction 
The model was run to examine the effect variations in the loading pattern can 
have on the size of various components of the designed ES-DRA. The investigation was 
carried out for variations in the utilisation load capacity ranging from no-utilisation 
to 60% day-time utilisation. The results of this study are presented here initially in 
tabular form and then subsequently the variation in the solar cell capacities (which 
gives an indication of the procurement and running cost of the system) is charted. 
Heat Loads - 39 litre internal capacity 
% Utilisation', night-time: day-time 0: 0 50: 50 1 40: 20 30: 36- F20-40 60: 0 
Daily coolth requirements 
Utilisation heat Day 0.000 0.386 0.309 0.232 0.155 0.464 
load (kWh ) Night 0.000 0.636 0.255 0.382 0.509 0.000 (T) Total 0.000 1.023 0.564 0.614 0.664 0.464 
T t lh t 
Day 0.016 0.402 0.325 0.249 0.171 0.480 
o a ea 
b d (kWh ) Night 0.010 0.646 0.264 0.392 0.519 0.010 ur en (T) Total 1.049 0.590 0.641 0.690 0.490 
Extended Surface Area Factor 0.09 3.4 1.7 2.1 2.7 2. 
"It should be remembered that night-time utilisation denotes the charging of the appliance with 
the indicated fraction of the appliance volume, at the night-time temperature, over the day-time 
period. 
Table 6.15: Base-case dimensions, heat energy burden and heat exchange re- 
quirements for a 39 litre ES-DRA under different utilisation patterns. 
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One issue of particular interest is the effect of employing a 'no-loss' electrical 
energy storage system. Such a scenario will be realised in the event that the ES-DRA 
is connected to 'mains electricity'. The results of such a case for a 39 litre ES-DRA 
with 60% day-load utilisation is given in Table 5.22 on page 162; the principal heat 
gains are as in Table 5.4 on page 143. A similar analysis may be performed for the 
case of no-utilisation load, see Table 5.23 on page 163; the principal heat gains in 
this case are as given in Table 5.15 on page 154. 
6.5 Discussion 
The indices of merit used to assess the predicted performance of the ES-DRA are 
the solar cell surface area (equivalently, the solar cell watt rating) and the electrical 
rating of the prime-mover. These two indices were chosen as they give a clear 
indication as to the total energy consumption and the maximum power requirements 
of the appliance. Another important consideration is that the (financial) cost of the 
solar-cell will comprise a large proportion of the capital outlay of the appliance. 
In interpreting these results it is instructive to take into consideration certain lim- 
itations of the model. As noted earlier in section 5.2 on page 137, the model makes 
no allowance for heat ingress from the surrounding environment via the evaporator'. 
This will create discrepancies between the model-predicted component sizes (partic- 
ular the TES size and the actual component size. The extent of these will depend on 
the exact manner in which the DRA heat exchange inventory is designed and inter- 
faces with the prime-mover and condenser. An attempt will be made to compensate 
for this, in part, by the large utilisation capacities allowed for; this should permit 
the successful testing of the appliance, at least under low-load conditions. Another 
important issue is that the effect of the (thermal) loading on the performance of 
the prime-mover has been neglected. section 2.4.1 on page 50 discusses the possible 
effect the loading conditions can have on the performance of the prime-mover. 
In presenting the data, all watt-ratings have been rounded up to the nearest 
whole number, except in cases where the ratings are less than 10 watts, in which 
case the values have been rounded up to the nearest half watt. Other data have been 
approximated to three significant figures or decimal places where less than unity, or 
to two decimal places otherwise. 
The proportion of the heat-gains accrued on account of 'user-interaction' i. e. 
door-openings in relation to the base-load is such that the effects of varying this 
number of door openings over the day- and night- times is negligible 2 (see the 
'This was as not satisfactory estimates of the magnitude of these heat gains were available or 
could be arrived at without recourse to experimental investigation. 
'This is, of course, within reason e. g. circa four volume air-changes (door-openings) have been 
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portion of Table 5.4 on page 143 marked 'latent heat gains). 
The effect of the variation in the thermal conductivity of the composite insulation 
is dealt with extensively in section 2.5 on page 61. However the analyses only 
consider the DRA-wall conduction in isolation. In reality, the wall conduction ceases 
to be the dominant heat ingress mechanism below some critical K,,,, value as other 
heat transmission paths become more prominent. 
The decision to use 60% of the total appliance capacity as the base-load utili- 
sation capacity was in a sense arbitrary'. This value is higher than the 30% recom- 
mended by the WHO as noted in section 4.5.5 on page 147. The decision was driven 
by the desire to impose a very stringent requirement on the ES-DRA, particularly 
to facilitate the TES design and in an attempt to forestall problems associated with 
appliance thermal performance under heavy load as discussed in section 2.2.2 on 
page 46. Designing for a severe loading utilisation will help ensure that the de- 
signed DRA will cope with widely varying user habits which are expected to occur in 
practice; in addition to this it will serve to compensate for the aforementioned heat 
ingress through the evaporator. 
As the requirement to remove heat from the DRA interior increases over fixed 
periods, there will be the necessity to increase the surface area through which this 
heat is transmitted from the DRA interior. For the passive-TES case the base surface 
area has been taken as the equivalent of the four vertical surface areas with each 
dimension reduced by 5 cm. In the active-TES case the base heat-exchange surface 
is defined on the basis of slurry-transport conduit diameters, see section 5.3.3 on 
page 148. The required increase to the available base heat-exchange surface area 
(within the DRA), i. e. the extended surface area factor, is dependent on the man- 
ner in which the appliance is 'utilised', i. e. the totality and ratio of the day- and 
night-time utilisation-loads. Generally increasing with increasing (total) utilisation 
load, Table 5.15 on page 154, the relative proportion of the day- and night-time 
utilisation-load also affects the surface extension requirements. Of interest is that 
at no-utilisation 2, the available TES surface area is more than sufficient to cater for 
the coolth demand. A comparison of the (single-day) predicted effects of running 
the appliance at no utilisation-load and at 60% of the day utilisation-load gives a 
circa 30,25 and 23 -fold increase in the solar cell area, output rating and compressor 
power consumption across all regimes, while for the TES- and battery-only regimes 
a circa 60-fold increase is seen in the required relevant storage capacity (see Tables 
allowed for each hour during the day-time. 
'The choice was made after considering various crystal packing factors and optimal packing 
strategies, see Scott (1960) and Bernal and Mason (1960). 
2 The no-utilisation scenario represents the status quo operation, where the performance de- 
mand on the ES-DRA is to simply maintain its (already cooled) contents at its design temperature. 
Presumably, this is the basis of the current EU testing standards. 
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5.5 and 5.16, qv. pages 144 and 155 respectively). Thus the highly subjective. design 
utilisation-load (inclusive of the load distribution and cooling profile) will decidedly 
influence the definition of the extended surface factor. The foregoing raises the ques- 
tion as to whether it is at all practicable to provide the requisite surface extension 
(required by both the active and passive -TES applications) which in some cases can 
have a factor as high as four. While it is conceivable that this may be achieved, the 
issue as to the practicality of the design and whether or not the desired effect will 
be achieved is doubtful as the requirement is based on the fin-base temperature; 
as such it might be necessary to provide some additional means of heat transfer 
enhancement. 
The loading pattern of the appliance plays a major role in the energy-use per- 
formance of the DRA, particularly in HES-mode. The base-case loading pattern, vzz 
60% of the total capacity (assumed water) at the mean day-time temperature, to 
be cooled over the night-time period, is slightly biased against the HES ES-DRA. This 
is due to energy losses incurred on account of the battery charge/discharge process. 
These battery efficiencies play a major role in the relative energy consumption of 
the devices. Tables 5.22 and 5.23, qv. pages 162 and 163 respectively, give an in- 
dication of the expected results when the battery charge and discharge efficiencies 
are increased to 100% from the 70% used for the computation of the base-case 
results. These show a marked improvement in the performance of the HES config- 
uration (compare the results with those of Tables 5.5 and 5.16, qv. pages 144 and 
155 respectively), changing the single-day performance ranking of the different ES- 
DRA implementations. These results have a bearing on non-mobile applications e. g. 
domestic or commercial environments where there is no need for an electric battery 
and the implementation intent is to conform to some set energy-consumption pro- 
file. A more optimal implementation will need to weigh the actual efficiency losses 
against the use of the heat-pump during the day/night-time and effect a strategy 
as appropriate. 
The presence of the TES within the ES-DRA reduces the available utilisation space 
within the appliance and the use of a large (in this case 60% of the total volume) 
utilisation load poses some problems with respect to the TES requirements for op- 
eration during multiple-day inclement periods. As the energy storage requirement 
increases, the TES-volume can become untenably large', in some cases larger than 
the volume of the ES-DRA (see Tables 5.6 and 5.7, qv. pages 146 and 147 respectively) - 
For passive-TES implementations which are restricted by this, the active-TES con- 
figuration may present a viable alternative. Even for applications where the TES 
'For a TES-only application to cater for a three-day inclement period, it requires circa 85% 
(which increases with increasing DRA capacity) of its internal volume - 60% of which has already 
been taken up by the utilisation load. 
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volume may not pose an installation problem, the proportion of the interior volume 
taken up by the TES may present a sales problem. The issue is of more relevance to 
the TES-only ES-DRA implementation than to the HES ES-DRA. 
While, comparatively, the energy consumption requirements are higher for the 
active-TES ES-DRA than for its passive-TES counterpart (compare Tables 5.5 and 
5.12, qv. pages 144 and 151 respectively), the active-TES design exhibits several 
advantages over the corresponding passive-TES ES-DRA. One such advantage is the 
unintrusive nature of the thermal store; thus the volume limitations which attend the 
passive-TES ES-DRA design are absent in the active-TES implementation. One of the 
major constrictions of the (active) design is the higher energy requirements necessary 
for operation'. The extra energy requirement accrues on account of the need to 
transport the slurry through the system and to ensure the continual suspension of the 
solid-load within the TES storage-tank. The additional (coolth) energy requirement 
for the active-TES case is circa one order of magnitude greater than the base-load 
energy requirements in the case of the 39 litre ES-DRA under a 60% single-day 
day-utilisation load regime 2, compare Tables 5.4 and 5.11, qv. pages 143 and 150 
respectively. This (coolth energy requirement) is in addition to the accompanying 
electrical energy requirements, circa 50% of the (60% utilisation-load) requirements, 
for the same regime 3. 
In defining the flow velocity of the slurry, two different criteria must be taken 
into consideration (see section 5.3.1 on page 165) viz (a) the minimum flow-velocity 
to ensure that the slurry remains 'quasi-homogenous' and N the minimum slurry 
mass-flow rate to ensure that sufficient coolth is delivered to the DRA. The respec- 
tive linear velocity requirements to meet these two criteria may not necessarily be 
coincident depending on the cooling requirements and the solid-load concentration 
within the slurry; in the current design, the maximum of these two requirements 
(the critical resuspension velocity) has been selected. A better design might con- 
sider the 'design' of the slurry (essentially varying the solid-loading or the energy 
density of the solid-load) in order to synchronise the critical coolth requirement 
and resuspension velocities. This will permit better matching of the prime-mover 
and the flow-pump to the systems requirements and possibly decrease the energy 
required for transport on account of the reduced slurry solid-loading. 
Comparing the results of the four different ES-DRA implementations, the active- 
TES implementation performed worst in terms of energy consumption (solar cell area) 
'While the active-TES design requires a higher capital outlay in comparison to the passive-TES 
implementation, the cost of energy may well be the deciding factor in choosing between the two 
applications. 
2 Night-time prime-mover operation. 
'This proportion reduces as the capacity of the ES-DRA increases, dropping to c: rca 20% 
for a 
110 litre appliance under the same regime. 
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and power consumption' (compressor rating). This was expected and the merit of 
such a system is its applicability to situations where large storage is required and 
possibly higher coolth flux rates desired'. The TES-only ES-DRA performed much 
worse than the battery-only and HES implementations, irrespective of the fact that 
the TES was assumed to have 100% charge and discharge efficiencies. The reason for 
this poorer performance is the projected difference in the COP of the prime mover 
between the night-time and the day-time. This poor performance was consistent 
over single- and multiple-day design criteria. The battery-only ES-DRA fared better 
than the HES ES-DRA in terms of energy consumption (solar cell area) for the single- 
day design applications. However on the basis of maximum power demand (prime- 
mover rating) the HES implementation performed much better. For multiple-day 
inclement periods, the HES ES-DRA's performance superseded the performance of the 
battery-only application in all aspects. The differences in the performance of all 
these systems was much less at no utilisation-load and became more apparent as 
the utilisation-load increased and varied with the distribution of the utilisation load. 
The discrepancies were also greater with increased length of the inclement period. 
The apparent (single-day) superior performance of the battery-only ES-DRA over the 
HES implementation is attributed to the battery charge/discharge efficiency losses. 
When these losses are assumed to be non-existent the performance of the HES ES- 
DRA surpasses that of the battery-only implementation in single-day mode as well, 
see also Figures 5.1 and 5.2, qv. pages 164 and 165 respectively. 
6.5.1 Further Parametric Analysis 
Introduction 
This section looks further into the effects of varying some of the parameters which 
might have a bearing on the thermal and energy performance of the system. The 
effect of the assumed loading condition has been investigated earlier section 5.4.1 on 
page 154 and the following parametric analysis will is applied to an empty appliance 3 
Variations of 20% were studied in general, excepting certain cases where such a 
basis is unattainable or some other variation better suits the parameter (these cases 
will be highlighted prior to the presentation of the relevant results). Typically, the 
effect of a 20% (or pertinent other) change above and below the base-case condition 
has been examined. The results for each computed variation are then considered 
'A lower power rating would indicate a less-peaky demand profile. 
2 Subject to the availability of an appropriate mechanism of coolth transmission. 
3 This will (a) enable the effect of these variations with respect to the steady-state operation 
of the system be investigated in conformance to the current EU and USA DRA testing standards and 
(b) factor-out the uncertainties due to variations in appliance utilisation. 
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in relation to the results for an empty appliance running at otherwise base-case 
conditionsi. 
The analysis was performed for the three different modes of operation (i. e. 
electro-chemical (battery-only) energy storage, TES-only storage and HES). A to- 
tal 43 different parameters were investigated for these three different modes and 
the analysis undertaken with respect to both categories, i. e. single-day operation 
and the three-day inclement period contingency. For each category, the following 
(eleven) variables were considered viz the number of daily door openings, the length 
of the day-time period, the length of the daily insolation period, the mean intensity 
of the (expected nominal) daily insolation, the length of the inclement period, the 
systems post inclement-period recovery time, the amount of solar insolation recov- 
erable during an inclement period, the daily relative humidity, the mean COP of the 
prime-mover over the day- and night-time periods, the mean daily temperature and 
the mean effectiveness of the battery charge/discharge process. In performing this 
sensitivity analysis, it was necessary to cluster certain variables together to make 
the analysis slightly more wieldy'. Affected variables were the number of day- and 
night-time door openings, mean day- and night-time ambient relative humidities, 
mean day- and night-time prime-mover COP's, mean day- and night-time ambi- 
ent temperatures and the charge and discharge efficiencies of the electro-chemical 
energy store. 
In interpreting these results, several cautionary issues must be borne in mind viz 
the clustering the variation of the various day- and night-time parameters may have 
the effect of not fully unravelling the implication of the variation of each individual 
parameter on the system's performance. In addition to this, as the model has 
been written only to consider mean parameter values, these results only serve as 
indicative of the trend which may be expected with the variation of the different 
parameter. Finally, as will be mentioned in a later chapter, the model is based on 
the assumption that the heat ingress into the system through the DRA compartment 
wall is sufficiently inhibited by the use of the super-insulant (VPSI). In truth, there 
are other thermal conduction paths which compromise this assumption (see page 
209) and for this reason it is reiterated that the results presented here may only be 
used as an indication of the type and at best upper performance bounds, in relative 
percentage terms, of the changes which may result as a consequence of the variations 
indicated. In presenting the results, the data has been rounded to the nearest five 
percent; thus limiting the sensitivity interpretable into the data. 
Two instances exist where the stipulated 20% increase about the base-case con- 
'Which in turn has been compared to the modelled results of the appliance running strictly at 
the base-case conditions). 
2 The net effect of this was to reduce the total number of inspected variables from 3784 to 
2064; 
a reduction of 83%. 
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dition could not be attained. These were for the battery charge/discharge capacities 
(both initially specified at 90%) and for the night-time relative humidity (initially 
specified at 85%). These were assigned their maximum values i. e. 100% as the up- 
per bounds for the analysis, with the lower bounds kept consistent with the overall 
-20% requirement below the base-case value. Other departures from the stipulated 
20% variation are (a) the variation in the inclement period, which was set at one 
and five day(s) for the lower and upper bounds of the variation test (i. e. a two 
day variation about the base-case) (b) the length of the recovery period after an in- 
clement period. This was set as an additional ±2 days to the length of the inclement 
period (i. e. one and five days cf. the four days stipulated as the base-case). 
00 6.5.2 General Discussion 
The first stage in the analysis comprises a comparison between the results of 
the "no-load" appliance to the "fully-laden" system'. The analysis was undertaken 
in two stages, for the single- and three-day inclement period scenarios, and the 
results will be presented in relation to these two conditions. The discussion within 
each of these two sub categories will dwell (in some instances comparatively) on the 
three different system implementation scenarios viz battery (electro-chemical) only, 
TES-only and the HES system configurations. In cases where a change in a certain 
parameter is not mentioned, it is to be understood that the predicted changes in 
that parameter are below 2.5 percent2 in relation to the reference case. Beyond the 
initial comparison of the no-load condition to the fully-laden base-case appliance, 
all further analysis will be in comparison to the no-load condition. 
6.5.2.1 The Load to No-Load Comparison 
The single-day case :A previous analysis has investigated the effect of the 
variation in the loading condition on the appliance performance and highlighted the 
sensitivity of the application to the loading condition (see section 5.5 on page 161). 
Here the analysis will be restricted to a comparison between the fully-laden and 
the no-load conditions otherwise operating at the base case. Of the three different 
scenario's the HES configuration energy (storage) requirementS3 show the least sen- 
'With the exception of the loading conditions (no-load and a 60% day-time utilisation capac- 
ity, charged at the commencement of the night-time period, see the base-case specifications in 
section 4.2 on page 106. ) all other system settings were at the stipulated base-case conditions. 
2 As is consistent with the pre-stipulated rounding scheme. 
'The reader is here again reminded that the energy (storage) requirements refer to the stored 
energy required by the DRA for cooling and thus the type (electrical or thermal) is dependent on 
the systems layout; expressly, the energy (storage) requirements for the battery-only and HES 
configurations are expressed in W(. ) while that of the TES-only layout is in W(, ). 
The overall energy 
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sitivity to the transition from the fully-laden to the no-load scenario. For both the 
battery- and TES-only layouts, the ratio of the energy (storage) requirements is circa 
62, with similar proportions observed in the required relevant energy storage capaci- 
ties (and in the case of the TES-only scenario, TES dimensions) - Both configurations 
exhibit a factor decrease in solar cell rating of c2rca 30. However, the TES-only I v- ýk 
out exhibited lower (30) factor decrease in heat-pump' ratings as opposed to the 48 
and 38 factor decreases respectively experienced by the battery-only configuration. 
The required extension to the evaporator/DRA-interior interface surface-area fell 48 
fold for both the TES and the HES implementation. In comparison to the other two 
systems, the HES exhibited a 30 fold decrease in the energy (storage) requirements, 
solar cell ratings and the battery ratings. The heat-pump rating for the HES fell by 
a factor of 34 where no appreciable change was observed in the TES ratings for the 
no-load HES case when compared with the fully-laden base-case system 
The three-day inclement period case : In terms of the effect of the changes 
over the three-days, the battery-only layout tended to exhibit higher percentage 
changes in the component sizes. In this case the changes in the energy, require- 
ments, solar cell rating and the battery capacity were all in the range of 30-32 fold. 
The battery discharge and the heat-pump electrical ratings showed a 38 fold de- 
crease while the battery charge and the heat-pump thermal ratings were diminished 
by factors of 44 and 48 respectively. For the TES-only case the energy (storage) 
requirements and the TES capacities depreciated by a factor of 37 in the transition 
from the fully-laden configuration to the no-load configuration. In this (TES) case 
the required TES thickness, solar cell ratings 2 and the heat-pump electrical rating 
were diminished circa 37 fold; with the charge and discharge capacities decreasing 
by a factor of circa 49. The extensions to the available evaporator/DRA-interior 
surface area is decreased 48 fold; the same being true for the HES system. This 
HES system exhibits no appreciable change in the TES dimensions per se. However, 
the solar cell ratings and the battery charge capacity were decreased by factors of 
33 and 35 respectively and while the energy (storage) requirements and the energy 
requirements and the the battery capacity ratings fell 36 fold, the battery discharge 
rating and the heat-pump rating decreased by a factor of 34. 
demand for each system can only be deduced, comparatively, in terms of the ratings of the solar 
panels. 
'Unless explicitly stated, references to the rating of the heat pump will refer to the both the 
thermal and electrical ratings. 
2 Comprising the solar cell electrical rating W(. ) and area m'. 
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6.5.2.2 Variation in the Number of Door Openings 
No appreciable changes in the systems parameter specifications were observed 
with the ±20% variation in the total number of day- and night-time door openings' 
in both the single and three day scenarios across the three different system types. 
6.5.2.3 Variation in the Ambient Relative Humidity 
As with the number of door openings, the stipulated variations in the relative 
humidity during both the day- and night-time did not produce any significant effects 
in the sizing of the systems components. 
6.5.2.4 Changes in the Length of the Day Period 
The single-day case : In both the battery- and TES-only cases, a ±20% change 
in the length of the day-time period 2 yielded a ±15% change in the energy (storage) 
requirements and the energy storage capacities. While the decrease in the day- 
time period failed to institute any appreciable change in the TES dimensions, the 
converse increase required a TES thickness which was insignificant in comparison to 
the no-load base-case scenario. In both the (battery- and TES-only) layouts, the 
storage charge rates were decreased (30%) and increased (50%) with the stipulated 
±20% change in the day-time period respectively. No noticeable changes were 
observed in the discharge rates of the energy stores. In all cases the solar cell 
ratings decreased (15%) and increased (25%) with the relative 20% increase and 
decrease in the length of the day-time period respectively. While in the case of 
the battery-only configuration no significant change in the heat-pump sizing was 
observed, the TES-only layout required a 15% reduction and a 25% increase in the 
heat-pump rating for ± 20 changes in the day-time period respectively. In the 
case of the HES the changes in the TES capacity varied by ±25% and the battery 
discharge capacity by ±5% with ±20% respective variations in the length in the day- 
time period; however, the energy requirements for this system layout only varied by 
±5% with the changes in the day length. In contrast to the TES-only systeM7 for 
the HES system, no appreciable changes were discerned in the thickness of the TES. 
Apart from the TES discharge rate, for which no significant changes were observed, 
all other energy transfer ratings exhibited some degree of change (battery charge 
-15/+25%, battery discharge -25/+20% and TES charge +50/-35%) with respect 
to the stipulated ±20% changes in the length of the day-time. The (±20%) variation 
was also reflected in the sizing of the heat-pump which varied +25/-20%. 
'Each one equivalent to a volume air change. 
2 The daily insolation period being typically two hours short of the day-time length. 
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The three-day inclement period case : For the three-day inclement period 
scenario, with respect to the HES layout, the results are virtually identical to those 
for the single-day case, with one exception viz the changes in the battery capacity 
is in this case insignificant as compared to the no-load base-case reference model. 
For the battery-only implementation there was an observed variation of ±5% in 
the energy (storage) requirements and battery capacity, while the variation in the 
solar cell rating was -15/+25% (a result coincident with that of the single-day 
case). Regarding the battery-only configuration, the charge rating of the energy 
store varied -25/+35% in relation to the ±20% change in the day-length period. 
This may be compared to the -20/+35% change required for the TES charge rating 
in the TES-only configuration for the same change. In the case of the TES-only 
layout, the heat-pump requirements varied -15/+25% with the given change in the 
day-time length (cf. single-day results). 
6.5.2.5 Changes in the Length of the Daily Insolation Period 
The single-day case : The variation of the length of the daily insolation period 
(nominally two hours less than the length of the day-time period) appears to produce 
very consistent results (in percentage terms) across the three systems configuration. 
For the single-day case, virtually all the affected parameter changes are circa ±5%. 
Notable exceptions are the energy storage discharge ratings for the battery-only 
configuration and the TES-only configuration which vary by ±10% with the required 
±20% variation in the length of the inclement period. The affected variables are: 
in all the relevant cases, the solar cell requirements and the TES dimensions, for the 
battery- and TES-only configurations the energy requirements and energy storage 
capacities, for the HES and TES-only system configurations the heat-pump rating 
and for the HES configuration the battery charge rates. However it should be noted 
that due to the nature of the HES application, the sign of the extent of the changes 
in the heat-pump, TES charge and capacity ratings are reversed i. e- T5% for the 
±20% change in the length of the daily insolation period. 
The three-day case : For the three-day inclement period scenario, similar trends 
to the single-day cases are observed with the following exceptions. In all cases the 
changes to the required energy consumption is relatively insignificant as are the 
required energy storage capacities in both the battery-only and TES configurations; 
however for the HES case only the changes in the battery capacity are negligible. 
Furthermore for the battery- and TES-only layouts, the required energy storage and 
charge rates are reduced by 5%. 
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6.5-2.6 Changes in the Length of the Inclement Period 
The three-day case : Changes in the length of the inclement period have no 
bearing on the single-day operation of the system and as such only the multiple day 
scenario will be investigated here. The model was run to consider the comparative ef- 
fects of a five- and single-day inclement period in relation to the three-day inclement 
period for the the no-load base-case scenario. For the battery-only configuration, 
the 5/1 day inclement period induced a +10/-30% change in the energy storage 
requirements of the system, a similar change was observed with respect to the bat- 
tery storage capacity. The solar cell ratings changed by -15/+50% and the battery 
charge ratings by -15/+25% for the 5/1 day inclement periods as compared with 
the three-day case. Considering the TES-only layout, the energy (storage) require- 
ments, TES capacity and size varied +5/-10% while the solar cell and heat pump 
ratings varied -10/+30%. The TES thickness only changed appreciably (-35%) for 
the case of the single-day inclement period. The nature of the HES configuration and 
energy management strategy implied that the size and capacity of the TES would 
remain unchanged. There was however, a +5/-15% change in the energy storage 
requirements and the battery capacity, a -10/+25% change in the solar cell ratings 
and a -10/+30% change in the predicted charge rating of the battery for the five- 
and single-day cases when compared with the three-day case (see also Tables 5.6 
and 5.7, qv. pages 146 and 147 respectively). 
6.5-2.7 Changes in the Length of the Recovery Period 
The three-day case : The time allowed for systems recovery after an inclement 
period (stated in relation to the length of the inclement period) was varied ± two 
days about the length of the inclement period (i. e. one and five days). As expected, 
these changes had no bearing on the single-day case. The greatest range of effects 
was seen in the TES-only configuration in which a +5/-30% change was observed in 
the energy and storage requirements of the system. Increasing the recovery length 
to five days brought about no significant change in the thickness of the TES, while 
the single-day recovery period warranted a 35% decrease in the TES thickness. The 
charge rating of the TES varied -10/+105% with respect to the five- and single- 
day recovery periods, while the changes in the heat-pump and the solar cell ratings 
changed -5/+70% with respect to same changes. For the battery-only layout the 
changes in energy storage and charge requirements were circa +5/-9%; the solar 
cell ratings changed by -10/+145% and the charge capacity of the energy stor- 
age by -10/-35% for the one and five day recovery cases respectively. For the 
HES configuration, changes of +5/-30% in the systems energy and battery stor- 
age requirements, -35/+65% in the solar cell ratings were observed along with a 
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-5/+70% change in the charge ratings of the battery for the five- and single-day 
recovery period scenarios. 
6.5.2.8 Changes in the Energy Recovered During an Inclement Period 
The three-day case : In this case the quantity of energy harvestable each daýy 
during an inclement period (expressible as a fraction of the nominally expected dailY 
insolation) was varied ±20% about the base-case assumption. As with the previous 
cases, this did not effect any changes in the component sizes for the single-day 
case. For the battery-only case the variation manifested as a -15/+10% change in 
the systems energy and storage requirements as well as a -5/+5% change in the 
rating of storage charge. In the case of the TES-only system the bulk of the effected 
parameters (energy requirements, TES size and thickness, store charge and discharge 
ratings and heat-pump thermal rating) required a -5/+5% change with respect to 
the ±20% in the relevant parameter. While the solar cell and heat-pump electrical 
ratings appeared to engender no size changes for the increase in the quantity of 
harvestable solar insolation, a 5% increase in component sizes is necessary for a 20% 
decrease. The HES layout required a:: FIO% change in the energy storage requirements 
and the battery capacity, while the solar cell and the battery charge ratings varied 
by :: F5% for the stipulated ±20% change in the recoverable portion of the incident 
solar insolation during an inclement period. 
6.5.2.9 Variations in the COP of the Prime-Mover 
The single-day case : The model was run in order to ascertain the effect of 
the variation in the COP of the system on sizes of the various parameters. The 
majority of the changes in the affected parameters, across the three different system 
configurations, were consistently -15/+25% for a ±20% variation in the mean day- 
and night-time COP. Regarding the battery-only configuration, with the exception 
of the thermal rating of the prime mover which exhibited no change, all the affected 
parameters exhibited the said variation. The affected parameters in the case of the 
TES-only configuration were the solar cell and heat pump (thermal) ratings. In the 
case of the HES layout, the changes observed were the totality of those apparent in 
in both the battery-only and TES-only layouts. 
The three-day case The changes here were exactly the same as in the single- 
day case. 
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6.5-2-10 Changes in The Mean Daily Temperatures 
The single-day case : The mean daily (day- and night-time) temperatures were 
varied between ±20% with marked effects on almost all the parameters in the three 
layouts. For the battery-only configuration, the energy (storage) requirements, store 
capacity, charge and discharge ratings changed by +35/-30% with response to the 
stated increase and decrease to the mean daily temperatures. The solar cell rating 
varied +40/-30% and the heat pump (electrical) rating by +45/-35%. The effect of 
the greater thermal dependence on the COP in comparison to the thermal dependence 
on DRA cooling load, is patent in the observation that the (thermal) rating of the heat 
pump varied by +20/-25% for the same changes. For the TES-only case, changes 
of ±25% were observed with respect to the heat pump thermal rating, required 
extension to the evaporator/DRA-interior heat exchange area and the TES sizing and 
ratings, with the exception of TES thickness which exhibited no variation as a result 
of the increase and became insignificantly small with the 20% decrease in the mean 
daily temperature when compared with the no-load reference case. The highest 
changes of +45/-35% were evident in the heat pump (electrical) and solar cell 
ratings. For the HES system layout, again ±25% changes were observed with respect 
to the heat pump thermal rating, the required extension to the evaporator/DRA- 
interior heat transfer surface, the TES size and ratings, with the exceptions of the 
TES thickness (as in the TES-only case) and TES discharge ratings which varied 
+20/-25%. All other changes to the parameter sizes were +35/-30%; theses were 
the energy (storage) requirements, the heat pump (electrical) and solar cell ratings 
as well as the battery capacity and energy transfer ratings. 
The three-day case The changes here were exactly the same as in the single- 
day case. 
6.5.2.11 Changes in The Daily Mean Solar Insolation Intensity 
The single-day case : The the daily mean solar insolation intensity was varied 
±20% about the base-case value. In all configurations, the only affected parameter 
was the required area of the solar cell which varied ±20%. 
The three-day case The effects here were identical to those for the single-day 
case. 
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6.5-2-12 Changes in The Efficiency of the Battery Charge and Discharge 
Processes 
The single-day case : The charge and discharge efficiencies of the battery were 
changed + 11/ - 20% and the effect of this variation on the model results obtained. As 
would be expected this brought about no effect in the TES-only systems layout. For 
the battery-only configuration, this manifested as a -45/+25% change in the solar 
cell requirements and the battery capacity and ratings also varied by -90/+25%. When the same changes are applied to the HES configuration, no changes in the 
solar cell rating are evident for the 11% increase in each of the efficiencies but, a 
55% increase was observed in the efficiencies were decreased by 20%. The battery 
capacity and charge rating in comparison to the reference case varied by -90/+25% for the examined +11/-20% changes in the efficiencies, see also Tables 5.22 and 
5.23, qv. pages 162 and 163 respectively. 
The three-day case : For the battery-only configuration greater changes were 
observed in the affected systems parameters than for the single-day case. The energy 
(storage) requirements varied by +45/-11% for the same +11/-20% change. The 
solar cell rating changed by -75/+40%, the battery capacity by -85/-5%' and 
the battery charge rating by +95/-20%. For the HES layout, the changes in the 
energy (storage) requirements were smaller than obtained for the single-day case. 
The energy (storage) requirement changed by +45/-20%, the solar cell rating by 
- 90/+40% and the battery charge rating by - 95/+25% (for the + 11/ - 20% changes 
in the battery charge and discharge efficiencies) . The battery capacity in this case decreased by 85% for the 11% increase in both efficiencies, with no appreciable 
changes observed in with the 20% decrease in the battery charge and discharge 
efficiencies. 
6.5-2.13 Conclusion 
The actual performance of the DRA will depend on the system's configuration 
utilised in the final design. A brief perusal of the results obtained indicate that the 
HES configuration has advantages in terms of energy consumption and component 
sizing over the battery- and TES-only configurations. In considering the relative 
weight of the each of the variable used in the design of the system, it is to be noted 
that the effect of the battery charge and discharge rates play the most significant 
role in determining the systems parameter sizes. In descending ranking order, the 
next set of variables are the mean day- and night-time temperatures, the mean day- 
'This -85/-5% appears to be indicative of an underlying optimal condition within the 
+11/-20% range explored. 
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and night-time COP, the length of the day-time period and the length of the daily 
insolation period. If the system is to be designed for inclement period contingencies, 
then the length of the inclement period, the time allowed for the system to recover 
after such a period and the amount of the energy recoverable during each inclement 
weather day would, in that order, displace the length of the daily insolation period 
in the order of rankings. However, it must be stressed that the results obtained 
are specific to the configurations used and have only taken into account the cooling 
load incurred as a result of the use of the VPSI'. A further ranking criteria could 
be based on an analysis of the economic implication of variations in the individual 
parameter ratings. 
In specifying the sizes for the prototype passive-TES, HES-DRA the decision 
was made to base the component specification around the 50: 50 day/night-time 
utilisation-load capacity design. 
6.5.3 Closure 
The foregoing presented the results of the computer-model predictions of the 
prototype ES-DRA in four different modes. The results indicate that the HES ES- 
DRA operating the prime-mover only during the night-time performs better than 
the other (active-TES, passive-TES and battery-only) ES-DRAs. This preliminary 
assessment-prediction model may be further optimised around the HES ES-DRA in or- 
der to investigate other possible energy-management schemes, e. g. constant prime- 
mover power consumption, constant prime-mover coolth delivery, minimum energy 
consumption etc. Based on the results of the experimental testing of the specified 
prototype, an assessment can be made of the heat leak via the evaporator as well 
as a more accurate (load-temperature) profile of the prime-mover COP. These can 
then be fed back into the model during the next stage of the iterative research- 
implement-experiment procedure. 
'See the discussion on page 209. 
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-A few good experiments are better than a multitude of faulty ones, as far as it is 
possible that the errors of all the faulty ones are in the same direction. 
-E. H. Griffiths (The Thermal Movement of Energy; 1901) 
Introduction 
Based on the results of Chapter 6 on page 184 a passive thermal energy storage 
refrigeration test rig (ES-DRA) was built. This chapter documents the experimental 
procedures, with results, carried out vis-a-vis the current research. The principal 
objective of this chapter is to experimentally assess the designed ES-DRA under a 
number of criteria and to adduce the results in proof of the energy-efficient advan- 
tages of the (energy storage) concept relative to a normal DRA. 
Several preliminary experiments/processes were carried out to facilitate the main 
experimental procedure: 
(a) The calibration of the instrumentation used for the main experiment, docu- 
mented in Appendix A on page A-240. 
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The experimental determination of a pragmatic estimate for the effec- 
tive thermal resistance of the composite thermal insulant. The composite 
(polyurethane foam-VPSI) insulant used for that test consisted of (25AMM) 
VPSI panels held insitu with (circa 4-Orm) polyurethane foam. The experi- 
ment yielded an effective thermal conductivity value of circa 0.012W/mK. The 
experiment is described in detail in Appendix B on page B-253. 
The manufacturing of the thermal stores (with a few observations as to the TES 
behaviour); this is documented in Appendix C on page C-266 and section 6.1.3.1 
on page 191. 
(d) The estimation of the mass-flow rate across the condensing unit (documented 
qv. page 193). 6.1) 
The main experiment was conducted with the aim of determining practical values 
for various performance indicators of the prototype ES-DRA and thus to attest to the 
veracity of the underlying design rationale. It sets out to assess the: 
'Pull-down' behaviour' of the ES-DRA in comparison to the DRA without TES 
facilities. 
9 Thermal behaviour of the ES-DRA under thermal cycling. 
* The 24-hour energy consumption of the ES-DRA. 
Conformance of the ES-DRA to the current regulatory standards, specifically 
to the GEA short- and long- term standards. 
In order to characterise the behaviour of the ES-DRA, it is necessary to define ex- 
plicitly a set of performance indicators and also the desired levels of these indicators 
which can reasonably be expected to constitute an acceptable level of performance. 
Thus, based on this, if at any time the ES-DRA fails to deliver the said performance, 
it may be adjudged to have failed on that account. To this end, the following is set 
forth; the refrigerator would be deemed acceptable if: 
It at least conforms to the most severe standards set out for any category of 
appliance as set out in the EN-153 2 standards as proposed for the EU on DRA's. 
I The time it takes for the appliance to 'come to temperature' at initial start up. This is indica- 
tive of the time required for the appliance to recover from thermal disturbances which cause (higher 
temperature) thermal excursions from the appliance's intended set-point, see also section 2.2.2 on 
page 46. 
2see Buhl-Pedersen et al. (1993), pp. 20 ff. and pp. 211 
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It continues to operate within the stipulated internal air temperature range in 
excess of 90% of its operational time in an ambient environment of no more 
than 35 'C. 
Specific indicators of performance to be considered in this are: 
1. The Coeficient Of Performance (COP) of the appliance. 
The on-time of the compressor. 
The energy consumption of the appliance. 
4. The ability of the appliance to function effectively for protracted periods in 
the absence of functional energy input. 
A comparison of these indices for the TES applications and the non-TES applica- 
tion is undertaken in assessing the measure of improvement obtained from incorpo- 
rating the TES within the DRA. 
7.1 The Experimental Apparatus 
Introduction 
This section describes the experimental set-up used for the testing of the ES- 
DRA design outlined in Chapter 6 on page 184. It discusses the different aspects of 
the 'rig" highlighting the various modifications which have had to be made to the 
ES-DRA during prototype manufacture, the underlying reasons for this and possible 
implications thereof 
7.1.1 Rig Description 
The main components of the rig are as follows: 
1. A temperature-controllable (environmental) chamber (Dimensions 2.7m x 
3.6m x 4.5m) insulated internally with polystyrene and fitted with a rail of hol- 
low fins mounted on two parallel conduits to permit fluid circulation through 
the fins. 
2. The manufactured ES-DRA 2 prototype. 
'Comprising of the ES-DRA, the test environment and allied equipment e. g. controller, circuits 
et hoc. 
2 Manufactured by Quest Refrigeration Manufacturing Ltd., Aber park, Flint, Clwyd, North 
Wales, CH6 5EX UK. 
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3. A MICROLINK (3000)' data-logger cum controller with 2x 3054 (32 channel), 
1x 3050 (16 channel) temperature/analogue modules with cold junction com- 
pensators and 1x 3030 control module, amongst others. The main interface 
module was the 3042,16 bit analogue-to-digital converter. This was employed 
to switch various devices (compressor, chamber heaters and cooler) as well as 
collect data from thermocouples and the other instrumentation devices. 
4. Three 3903 isothermal boxes with cold junction compensation 2. 
5. A Philips PE 1646 (75V Cd 6 amp max) dc power supply (PSU) used as the 
primary power supply to the ES-DRA (a dc device). The device was fitted with 
electrical current/voltage limiting facilities and thus enabled the restriction of 
the maximum power drawn from the mains. 
6. Four 12V batteries (2 x 36 ah and 2x 60 ah) , 
for start-up as the power require- 
ments of the (24 V) ES-DRA compressor 3 exceeded that which could be met by 
the dc power supply. 
7. A Viglen 80486 DX-33 computer loaded with the Linux 4 operating system. 
This was used to control the MICROLINK, typically issuing instructions as to 
when and which device to switch on/off as well as to collect data. All the 
control was effected using a set of in-house computer programs written in the 
4C' programming language5. 
8.48 T-type thermocouples. 
9. Two 13 arnp fuses (used as shunts) for determing the electrical current drawn 
within the compressor-battery loop of the circuit and that drawn within the 
PSU-battery loop. 
10. Three 3.6 kQ resistors connected as a 3: 1 voltage divider (see Figure 6.2 on 
page 187) used for stepping down the voltage across the batteries, to within 
the (0 - 12) V range acceptable to the MICROLINK. 
11 . Two electric heaters 
Q750+2000] W in total) used for increasing the environ- 
mental chamber temperature. 
'Equipment suppliers: Biodata Ltd., 10 Stocks Street, Manchester M8 8QG, UK. See also the 
user manual [Biodata Ltd., 1994]. 
2 Equipment suppliers Biodata Ltd. loc. cit. 
3 Model G E3 manufactured and supplied by IND EL " B" (gruppo Berloni) 61019 S. Agarta Felrita 
(localita Ca'. Baldone), Pesaro, Italy. 
4 Version 2.0.0. This software (@ (1991) Linus Torvalds <torvaldsftransmeta. com>) is avail- 
able free on the Internet at http: //www. linux. org amongst other mirrors. 
'The control software is listed in Appendix D on page D-275 
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12. A Conair Churchill 05/CTCV (1.4kW(T) 0 10'C) cooler' used for decreasing 
the environmental chamber temperature. This was attached to a set of cooling 
fins fixed to one of the walls of the environmental chamber for cooling. 
13. A large fan (built in-house) used for moving air past the heaters and the 
cooler to ensure rapid removal of heat or coolth from the heater and cooling 
fin surfaces. The fan also served to even out the temperature distribution 
within the main environmental chamber. 
14. A large piece of gauze netting used to partition the environmental chamber 
into two parts and to ensure that no appreciable air currents were set up within 
the partition of the environmental chamber housing the ES-DRA, in spite of the 
operation of the fan in the other. 
15. An assortment of voltmeters (digital and analogue), elect ro-mechanical timers, 
electronic relays, connectors, stands, oil, ethelyne glycol (a 50% aqueous solu- 
tion), pipes, foam insulation and connecting wires. 
The environmental chamber was partitioned into two with the gauze netting. The 
batteries, heaters, fans and calibration equipment were placed within the partition 
adjoining the wall with the rail of cooling fins, whilst the ES-DRA and environmental 
chamber temperature stand were placed in the other partition. The general layout 
is illustrated by Figure 6.1 on page 186. 
7.1.1.1 The Electrical Circuit Connections 
The electrical circuits were connected up as illustrated in Figure 6.2 on page 187. 
The main primary circuit consisted of two secondary sub-circuits. The first sec- 
ondary circuit is the parallel connection between the voltage divider and the dc PSU 
terminals. The input to the dc PSU was permanently connected to live mains. Con- 
nected in series within the first secondary circuit, were: 
An electro-mechanical timer to enable the on-off regulation of (dc) power into 
the ES-DRA system. 
A shunt to facilitate the determination of the electrical current within the 
dcPSU-dc battery section of the first secondary circuit loop. 
9A protective diode (50V) to inhibit a back emf from the battery to the PSU. 
'Equipment suppliers: Beta Tech. Controls Ltd. 104, Tanners; Drive, Blakeheads, Milton 
Keynes MK14 5BP. 
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Figure 7.1: Schematic plan-view illustration of the entire experimental -rig, 
iii(licating the main component parts. 
A circuit breaker to ensure that no discharge (froin the battery) took place 
across the resistive elements within tile dc PSU while it was off. 
In parallel with the dc PSU output terminals were: 
A series connected pair of parallel-conilected twin batteries (24V output) coll- 
ilected across the terminals. 
The high-voltage side of the resistor (voltage-divider) arrangement. This was 
tapped to enable the determination of the voltage across either the dc PSU (or 
the battery arrangement when the dc PSU is off). 
The second secondary circuit loop was a parallel connection between the power 
terminals to the DRA compressor and the low-voltage side of the voltage dividers. 
Connected within this circuit in series were: 
A shunt. connected in series within tile electrical current loop between tile 
batteries and the ES DRA inputs to facilitate the determination of tile vIectrical 
current drawil by tile ES DRA. 
sA switching relay to enable the on-off switching of the ES DRA compressori. 
'The original control circuit of the ES-DRA did not offer the type of flembility required for the 
testing of the appliance and so it was dispensed with. 
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All the shunts (data input) and switching relays (signal output) were connected to 
the appropriate channels of the MICROLINK. 
-C 
u 
L. 
0 
in 
E 
0 u 
datalogger 
Figure 7.2: Diagrammatic representation of experimental circuit. 
dc-PSU 
Timer 
The two heaters were plugged into a junction box which was fitted with a 30 arap 
relay and plugged into the mains. The cooler was likewise plugged into the mains 
with a relay in series within the (cooler-mains) loop. The power into these devices 
was permanently on and the relays, used to control the switching on/off of the 
devices, were connected to the MICROLINK. The fan was left permanently on with 
no controls. 
7.1.2 Thermocouples 
A total of forty-eight T-type thermocouples were utilised for the experiments, 
each connected to a separate channel on the MICROLINK. Of these: 
* Two were used to monitor changes in the (thermal) ambiance of the environ- 
mental chamber. 
Three were used to monitor the ES-DRA internal air temperature. These were 
shielded with aluminium foil and mounted equi-spaced on a stand in the centre 
of the cold compartment. 
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One was used to monitor the compressor temperature (located on the top of 
the compressor) . 
Two were used to determine the temperature of the air flowing through the 
condenser heat exchanger (in and out). 
Four were utilised for measuring the vertical temperature distribution within 
one of the thermal stores (the TES closest to the evaporator exit was chosen 
as the reference as it will have the highest temperature of the four). 
Four were used for monitoring the temperature of the evaporator (one on the 
middle of the top of the evaporator section adjacent to each vertical wall). 
The remaining thirty-two were placed at various locations on the inside and 
outside of the ES-DRA storage compartment. The exact locations can be seen 
from Figures 6.4 and 6.3, qv. pages 189 and 188 respectively. 
" " 
" 
" " 
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Figure 7.3: Location of thermocouples on the ES-DRA rig exterior. 
PhD Thesis 0 1999 Cranfield University -Refrigeration 
Apphances: Performance enhancements via novel 
Thermal - 
Energy Storage- 
7.1 The Experimental Apparatus 
0 
0 
Right-hand Side 
Bottom 
Front 
Top 
0 
0 
Left-hand Side 
0 
0 
Rear 
Figure 7.4: Location of thermocouples in the ES-DRA rig interior. 
7.1.3 General Observations 
2-37 
In this section, several observations and comments are made as to modifications 
which had to be made to the ES-DRA and the suitability of the different instruments 
to their application. 
The DRA 
The design of the rig had to be modified for manufacturing purposes; this was 
necessary as the design outlined in Chapters 4 and 6, qv. pages 105 and 184 respec- 
tively was done strictly on a heat transfer basis with no reference to the principles 
of design for manufacture. These modifications are listed hereunder and discussed. 
1. On the basis of energy management and thermal control, the most significant 
modification made was that to the evaporator-thermal store configuration. 
The initial design stipulated that an evaporator surface be provided adjacent to 
each vertical surface, each encased within a quarter of the total amount of LH- 
PCM used for the TES. (a) The prototype consists of one continuous evaporator 
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surface bent in the form of a hollow parallelepiped. (b) The TES material is 
located only on the internal side of the plane surfaces of the evaporator. This 
leaves the other side (adjacent to the ES-DRA wall) of the evaporator exposed to 
the air in the refrigeration compartment. This will tend to reduce the ES-DRA 
compartment temperatures to below desired levels during store charging. 
2. The construction of the evaporator from a single continuous plate has resulted 
in (observed) differential rates of store charging between the different thermal 
stores, the TES adjacent to the refrigerant entry to the evaporator section 
charging first and the TES closest to the evaporator exit charging last. The 
observed times between the (sequential) initiation (and termination) of charge 
of the thermal stores is of the order of 2 hours and 15 minutes during tests in 
a 25'C environment (see Figure 6.13 on page 204). 
3. The TES material remained contained in polythene bags (see Appendix C on 
page C-266). This may have some bearing on the heat transfer between the 
ambient air and the storage medium. Substituting the containment material 
may serve (in addition to altering storage containment geometry) as a means 
for effecting control on the rate of heat transfer into the refrigerating compart- 
ment. 
4. The thermal stores were relocated between the (aluminium) evaporator and 
the (steel) corrugated sheeting which defines the useful storage space of the 
appliance. This provided little, if any, room for expansion and thus it is envis- 
aged that the energy required to fully charge the store (i. e. cross the phase- 
transition temperature) may be increased on account of increased pressure due 
to the resistance to expansion. 
5. The compressor was located adjacent to the refrigerating compartment. How- 
ever, this (from the thermal store charging sequence) did not appear to have 
a significant effect on the charging sequence of the thermal stores. This is 
probably due to the use of the VPSI. 
6. The total thickness of the insulation used was 480mm, as opposed to the 650mm 
stipulated in the initial design. The effect of this is deemed to be insignificant 
as the principal (VPSI) insulant was present. 
7. The door seals were made of insulating polyurethane foam; this appears to be 
sub-standard when compared, on the basis of the amount of air ingress which 
it permits, to what is used commercially. 
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The Thermal Energy Stores 
The thermal stores were made from the irradiation of circa 95'Xc PVA H20 Solution. 
The. manner of preparation along with some general observations are documented 
in Appendix C on page C-266. Due to the nature of the preparation/manufacturing 
process, there were differences (deviations less than 50g in 1.3 kg. a maximum of 
circa 4%) in the weights of the individual bags. These were distributed in a manner 
as to attempt to compensate for the delay between initiation and termination of store 
charge (i. e. the heaviest placed adjacent to the evaporator section -, N, Ilere charging 
was first noticed to occur). This did not appear to have any discerilable effect oil 
the order or manner in which the store charging occurred. Tile observation of tile 
rate of dessication of the TES material mandates that the hydrated PVA must be kept 
isolated from the ambient to prevent moisture loss, amongst other reasons (see also 
Appendix C. 6 on page C-271). 
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Figure 7.5: Images indicating tile location of tile TES's within tile DRA 
Two parameters which play an important role in the manner in which tile TES Nvill 
resPond to temperature changes in tile ambient ES DRA temperature and changes 
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in the contacting evaporator temperature are (a) the characterising TES-air-side 
Biot number (Bi, ), with the TES thickness as the characteristic thickness and (b) 
the Fourier number (Fo,,, ) of the TES as time progresses, with the TES length as the 
characteristic thickness (cf. (a)). 
The Bi-,, 
,, gives an 
indication of the thermal response behaviour of the TES. Small 
values of this parameter (Bi, < 0.1) imply that conductive effects within the TES 
dominate air-side convective effects, resulting in the TES effectively behaving as if 
it had a uniform temperature. 
The implication of a small Bi,.,, ., on 
the air-side is that in comparison to heat 
transfer taking place at the evaporator-TES interface, the TES air-side interface 
can be considered adiabatic. On this assumption, the TES can be modelled one- 
dimensionally as an infinite slab with one end at temperature %. P. and the other end adiabatic. The solutions to problems of this type can be represented by an 
infinite series. On the assumption' that Fo > 0.2, only the first term need be used 
for a fairly accurate approximate result. 
Representing the uniform temperature of the TES with its bulk mean temperature TTES initially assuming a constant T,,, P., the TT. can be approximated, assuming a 
uniform initial temperature (T TES 
) 
ini tial I as: 
TMS (0) 
- 
TTES (t) 
T (0) - T.,.,. 
... oo 2- exp 
(2. n+1)7r 
2 
FoTEs 
(121 
(2. n+ 1)7r 
2 
1.0 - 
ý2-n+1)7r 2 1-cos 2 
(7.1) 
n 
1-- 
21 
The effect of a varying evaporator temperature can be obtained by applying the 
Duhamel integral to eqn (6-1), given a knowledge of the temperature profile of the 
TES. The maximum TES-bulk (mean) temperature change per second, t., P. 
(OCIs), 
can be estimated, ignoring the thermal capacity of the evaporator, from 
I-ld 
(ýevap. 
TTIZS 
.,. o 
- (MCP)TES 
(7.2) 
For the GE3, the maximum output capacity is 78W(T) (coolth) which is divided 
between the four thermal stores, neglecting the heat transfer to the ES-DRA com- 
partment. In applying the preceding arguments to the TES within the ES-DRA the 
following Table 6.2 on page 193 is presented: 
The implications are that for each degree change in the evaporator temperature 
there will be circa 0.3'C change in T,. above the phase change temperature TLB and 
approximately a 0.6'C change in T,,. below TL,,, after sixty seconds respectively. 
'See Incropera and DeWitt (1990), pp. 239ff - 
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Material' iTz b Bm Fo. ' x 60s (T) 
Zý Tj,, itj,, 1, ms 
ATtnitzol, 
evap- 
H2 0(. ) 
d 0.03 0.278 0.466e 0.591 
H2 07 1 0.1 0.0351 0.2149 0-278h 
OProperty values at (T,. H) (H201 
--= 0 
OC* 
bh= 4.0 W/M2 OC. 
Tharacteristic time 60s. 
dCharacteristic length 0.0165m. 
eBased on T.. 78 7.8 x 10-3 oC/S. P- 4x1.3 X 1.93 X 10T fCharacteristic length 0.015m. 
gBased on i,,. = 78 -,, y = 3.6 x 10-3 oC/S. P. 4x1.3 X 4.2 X 10 hTwo terms of the series expansion are needed in this case. 
2-41 
Table 7.2: Table of non-dimensional parameters Bi and Fo for the TES using 
the properties of H20- 
This can be observed from the experimental data, see Figure 6.15 on page 206. 
Incidentally, the estimatedievap. above T,. indicates a pull-down time, from 25'C to 
4 OC, of 21 *. (3-6 x 10-3 x 3600) E-, _- 
1.62 hours; this is in agreement with the observed 
time of circa 1.5 hours. 
Condenser In order to assess the heat rejected from the condenser (of the fan- 
assisted type, see Figure 6.7 on page 194) during operation, it was necessary to 
calculate average values for the fan mass-flow throughput. For this reason, a brief 
experiment was carried out using an anemometer' to assess the magnitude and 
direction of the air velocities on either side of the condenser. Figure 6.6 on page 194 
is a diagrammatic representation, giving an indication of the approximate velocity 
distribution fore and aft (with respect to the air-flow direction), of the condenser 2 
The mean air temperature in the laboratory was circa 20'C. 
From the fan and condenser geometries, the air flow areas are estimated as: 
Ai,,,,, = 3.27 x 
10-2M2 
Aexit = 8.47 x 
10-3M2 
1 Solomat M PM 500e; manufacturers Solomat Mig Ltd -, 
Devon EX1 1 1BP. UK. 
2 The fan is attached to the condenser, with air flow moving initially across the condenser to 
and then through the fan i. e. the air inlet adjacent to the condenser and the air outlet adjacent to 
the fan. 
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Figure 7.6: Diagrammatic representation of the velocity flow (m/s) across the 
condenser; air intake (left) and air exit (right) 
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Figure 7.7: End view of the DRA indicating the condenser (air intake. left) and 
compressor (right) - 
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From the data collected, the mean air flow on either side is computed' as the 
arithmetic average of the velocity distribution. Thus, the mean velocities are: 
el%. 0 Ui, 
ýU, jt ""' 3.925m/s 
From the basic mass continuity relation 
Ti-L =pm -A- (7.3) 
it is possible to deduce the relation (for a fixed mass-flow at a given mass density): 
Ainlet Vexit 
Aexit Vinlet 
From the geometric dimensions of the air-flow path 
Ainlet 
= 3.86 Aexit 
and the velocity ratio 
vexit 
= 3.74 Vinlet 
(7.4) 
This validates eqn (6.4) to within 3%. From the mass continuity relation, 
eqn (6.3), the mass-flow rate can be computed (air density 1.2 kg/m' Cd 20 'C): 
Tilintet ý 0.041 kg/s 
Th. e. jt'E--"' 0.040 kg/s 
Thus the mean mass-flow rate across the condenser is estimated at 0.04 kg/s . 
7.1.4 The Compressor 
Figure 6.6 on page 194 is a photographic image illustrating the GE 3 compressor 
(rated at 78W(T) A 32'C). As noted in section 2.4.1 on page 502, the benefit gained 
from the compressor i. e. the coefficient of the system's performance, will be depen- 
dent on the (a) loading conditions (heat lifted from the system), W the fraction of 
that load which results from heat leaks into the system and W the required rate of 
'The assumption in this case is that the velocity profiles are 'full' and as such the displacement 
thickness of the boundary layer (adjacent to the flow channel walls) is thin [Duncan et al., 1981, 
pp. 250]. 
2 In particular see eqn (2.14). 
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cooling. Thus the temperatures of the ambient, compressor, condenser. evaporator 
and DRA will affect the resultant COP of the compressor; this will be illustrated later. 
Another important factor is the behaviour of the cooling circuit under thermal 
cycling. Figures 6.8 and 6.9, qv. pages 197 and 198 respectively, are plots of the 
temperatures at various locations of one of the TES's and of the evaporator during 
compressor cycling. Apart from the heat gain into the system on account of ingress 
through the evaporator-TES interface there are also the effects of (a) the equilibra- 
tion of the refrigerant pressure across the system when the compressor goes off-line; 
this manifests as a sharp drop in the temperature of the system immediately after 
the compressor is switched off (particularly the initial dip in the compressor temper- 
ature)' and, (b) the heat injected into the system by the compressor on start-up, 
generated in the process of overcoming inertial forces, restoring the system's pres- 
sure differential and ohmic losses. This heat generated is manifest in both the initial 
rise (to a maximum) of the compressor temperature 2 and the rapid rise in the TES 
and evaporator temperatures at the onset of each compressor on-cycle. The rise 
in the compressor temperature peaks a few minutes after start-up and drops until 
it reaches an equilibrium temperature, probably on account of heat transmission 
between the evaporator and the compressor. 
7.1.5 Other Observations 
One problem faced with the environmental chamber was the control of its 
temperature-time characteristics. Ideally, the chamber temperatures should be con- 
trollable to provide a uniform sinusoidal temperature distribution when desired; 
however, the differences in and limitations of the effective heating and cooling pow- 
ers in the 'air conditioning' apparatus made this difficult. The heat transfer rate, 
between the chamber air and the cooling fins, was such as not to permit a reduction 
in the air temperature within the chamber below 20 - 21 'C in reasonable time 
whilst the ambient laboratory temperature was 25'C. This was in contrast to the 
heating equipment which could effect chamber temperatures of circa 35 - 37 'C 
within a reasonable timescale. These limitations were definitive as to the extent of 
the temperature range over which the experiments could be conducted. The cham- 
ber was also susceptible to the variations in the ambient laboratory temperature. 
1 This trend has been observed with data from other tests within this work and from other 
sources. 
2 This is in evidence in all instances of compressor start-up. 
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7.2 The experimental procedure 
In comparison with the setting up of the experiment, the actual data gathering 
procedure was relatively straightforward. The main difficulties encountered were 
effecting the desired control on (a) the environmental chamber and W the ES- 
DRA, and with the development and implementation of the control software'. In 
considering the controller design/implementation for the ES-DRA, several options 
were examined, viz simple on-off control, PID 2 control and fuzzy (logic) control3. 
Amongst issues which were considered were: the ease of manipulation of the con- 
troller and the need for (past and current) data to implement the control logic. One 
particularly relevant issue was the need for a reliable indicator for the thermal energy 
content of the TES, for instance how does one determine whether or not say, 30% of 
the TES's initial energy content remains within it? Perhaps this could be determined 
from the thickness of the TES4 ; however this would require several additional levels 
of complexity, other auxiliary experiments, additional equipment etc. The final de- 
cision to implement an on-off controller was on the basis of its simplicity and ease of 
design, implementation and manipulation during experimentation. However, closer 
to the final stages of large-scale production, other control types may be deemed 
more appropriate. 
The experimental procedure consisted of stipulating the following within the 
control program: 
* The number of experiments to (sequentially) perform. 
* The length of each experiment, and within each experiment: 
1. The temperature and voltage channels to log. 
2. How to calibrate the instrumentation (the data for this already obtained, 
see Appendix A on page A-240). 
3. The required mean environmental chamber temperature. 
The required mean ES-DRA internal temperature. 
5. The required control regime (on and off times) for the compressor. 
6. The minimum time between which temperatures (ES -DRA internal, envi- 
ronmental chamber) should be checked for set-point compliance. 
'A listing is given in Appendix D on page D-275. 
2 Proportional-Integral-Derivative. 
3 Some implementations of this technique in refrigeration control are given in Cheung and Ka- 
Mal (1996), Robinson and Mort (1996). 
'Another is to simply guess depending on the previous charge time, duration and loading 
conditions, see Mithal and Yang (1994). 
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Experiments were run to determine: 
1. The temperature-time characterisation phase. 
* The pull-down and charge time of the ES-DRA. 
* The discharge time of the ES-DRA. 
* The time response of the ES-DRA. 
2. Energy consumption values for the different control regimes. 
Data for the night-time only operation of the ES-DRA compressor. 
Data for the day-time only operation of the ES-DRA compressor. 
* Data for the ES-DRA running without TES facilities. 
As with all experiments, the data is determined within a given accuracy. The 
accuracy of the data collected has been estimated in Appendix A on page A-240. 
Except where otherwise stated, the following scheme has been used to rationalise 
the data presented here. The thermocouple readings are quoted to the nearest half 
degree, voltages, currents and COP's are quoted to 25% of the unit (i. e. to 0.25), 
powers are quoted to the the nearest 5W and energy to the nearest 10J. 
Further consideration as to the limits of the presented information will be given, 
where necessary, as the results are deduced from the data. It is also noted that the 
computer timer tended to lose a few seconds each day. However, this is considered 
insignificant compared to the time scale of the experiment'. The precautions laid 
out in Appendices A and B, qv. pages A-240 and B-253 respectively also apply here, 
along with the measure that the ES-DRA was taped shut to prevent accidental open- 
ing and to inhibit air ingress which would otherwise occur on account of sealing 
insufficiencies. 
7.3 The Pull-Down and Charge-Discharge Times 
Introduction 
This section presents and discusses the data obtained in the pull-down and 
charge-discharge tests during the temperature-time characterisation phase of ex- 
periments. A further (theoretical) discussion as to the estimates for the pull-down 
time along with estimates for the maximum temperature deviations between the 
'A typical data gathering and set-point verification cycle could take up to two minutes depend- 
ing on the number of channels used for the experiment. 
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evaporating surface and the mean TES temperature (on either side of the phase 
transition temperature) is given in Appendix 6.1.3.1 on page 191. The test was 
performed at different ambient air temperatures in order to give ail indication of 
the relative merits of TES charging at different ambient temperatures. The inea- 
sured (TES) data was taken from the TES packet mounted on the evaporator section. 
closest to the refrigerant exit'. 
7.3.1 The Pull-Down Times 
The pull--down times for 25 'C and 44 'C starting points were observed for tile 
ES DRA with the TESs in place (Figures 6.10 and 6.11. qv. pages 201 and 202 respec- 
tively). The data collected clearly indicates the (time) benefits of store charging 
during periods of lower ambient temperature, with O'C pull-down occurring at 2.75 
hours and 5 hours for the 25 'C and 44 oC2 ambients respectively. Tile ambient 
80 
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Time (minutes) 
Figure 7.10: Pull--down Temperat ure- Time history of the DRA with tile TES in 
place in a circa 25'C ambient. 
(initial ES DRA temperature) effects on the pull-down times (see Figures 6.10 and 
1 This location was selected as it would give the worst possible state of the TES's in general. 
2 Due, to problenis with maintaining ambient air temperatures in excess of 40'C in the environ- 
mental chamber, the rooin temperature had to be readjusted froin 44 to 32 'C. The kink in the 
data curve (Figure 6.11 on page 202) coincides with a drop in the current drawn by the compressor: 
this is consistent with the appliance having been niomentafily tripped off, probably on account of 
a thernial cut out. 
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Figure 7.11: Pull- down Temperature-Time history of the DRA Nvith tile TES in 
place in a eirca 32 'C ambient (initial starting air temperature 44 'C). 
6.11, qv. pages 201 and 202 respectively) are patent in their indication that lo"N'er 
ambient temperatures are favourable when shorter pull-down (and initial charge) 
times are desired. As would be expected, because of the thermal inertia of the TES 
within the ES DRA, greater pull--down times are required -vOien the TES is in plýice 
than when it is not. 
Figure 6.12 oil page 203 (no TES) is presented here by way of comparison. It indi- 
cates that about 15 minutes is required for the evaporator to reach 0 'C (ic T,. ); tile 
air temperature reaches 4 'C (the set-point temperature) and 0 'C (the TES phase 
transition temperature) after about I hour and 1.25 hours respect ively. This (one 
hour) is about half the time it takes for (4 'Q pull-down when tile TES is in place. 
Interestingly the temperature of the evaporator at this stage falls to Circa - 10 'C in 
that period; this would not normally occur when the TES is present'. Notice that 
the evaporator temperatures gradually approach -8 'C as the TES charge processes 
traverses on account of the under-cooling taking place (see also section 6.3.2 oil 
page 203). Also interesting to note is the effect of the compressor temperature oil 
the evaporator temperature, where the rise in the compressor temperature serves to 
arrest tile progressive decrease of tile evaporator temperature. In steady state. this 
'Figure 6.14 on page 205 indicates that the evaporator and TES temperatures drop to ctiva 
-8 'C during tile. sub-cooling phases of the charge process. In the event that tile charging 
is 
(Iffected without sub-cooling (either by the use of a nucleation initiator or slower cooling rates) the 
evaporator will operate at a higher temperature with attendant COP benefits. 
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is achieved simultaneously with the compressor temperature and the temperature 
lift in the air flow across the condenser. 
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Figure 7.12: Pull-down Temperature-Time history of the DRA without the TES 
in place (25 OC environment) - 
7.3.2 The Thermal Store Charge Time 
Similar tests were performed to determine the period for TES charging at different 
ambient temperatures. Figure 6.13 on page 204 is given to indicate the characteris- 
tic profile of the results of these tests (25 'C ambient) while Figure 6.15 on page 206 
is the result for TES charging in a 35 'C ambient, with the enlargements of various 
portions of Figure 6.15 given in Figure 6.16 on page 207. The overall results indi- 
cate transition times (alone) of circa 9.2 and 13 hours for 25 and 30 'C ambients 
respectively. One implication of this is that lower charge powers' could be used to 
charge the TES in lower temperature environments. 
, qv. pages 
204 and 205 respec- For a 25 'C ambient (see Figures 6.13 and 6.14, 
tiN, ely), the initiation time for the first phase change was just under two hours and 
the time between each phase-transition was in the region of 2.25 hours. Oil tile 
other hand, for a 35 'C ambient (see Figure 6.15 on page 206), tile cooling initiation 
tiine was approximately 2.0 hours with a lag of clirca 3 hours between tile onset of 
the initiation of successive phase-transitions in the TES parcels. 
i. e. a smaller design compressor-capacity. 
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Figure 7.13: Characteristic Temperature-Time history of different locations 
about the ES DRA in a 25 'C environment during the charge process. 
Qualitative assessment within the limits of the accuracy of the data. tends to 
indicate a consistent inversion of the expected temperature ranking order (within 
each category') during the onset of the phase-transition process (post sub cooling). 
Thus the thermocouples which would be expected to measure the lowest temper- 
atures during the charge process (e. g. TES bottom, 1-h. S2 ) consistently exhibit 
tile greatest temperature swings (within their category) during tile, phase transition 
process. The result is that these thermocouples indicate the highest temperatures 
during tile phase-transition process. As at yet, no reason has been found for this 
and further research will be required to illuminate the issue. 
Tile data (see Figures 6.14 and 6.16. . qv. pages 
205 and 207 respectively) is 
indicative of a sub-cooling effect taking place 3. The phenomenon is also evident 
in tile compressor temperature and power consumption which rise oil the onset of 
phase-Aransition in each TES packet. The phenomenon is not observed during TES 
charge discharge cycles outside the ES-DRA see Figure C-1 on page C-279 
The phenomenon of undercooling will be almost invariably present in the ab- 
sence of (Ileterogenous) nucleating centres, see Winegard (1964)". Given the matrix 
11. e. When the comparison is between evaporating temperatures or between TES temperat ures 
2 The expansion sequence in the evaporator sections is 1. h. s., rear, r. h. s. , 
front. 
3A similar behaviour was observed by Augood (1997) in ground-up hydrophilic particles used 
as the solid-load in slurries designed for PCM-TES applications. 
'Chapter 2. 
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Figure 7.14: Temperatures (anibient, compressor, evaporator and TES). power 
constimption (compressor). energy consumption (compressor) and COP attending 
the TES charge process in a 25 'C ambient. 
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Figure 7.15: Temperature, Time history of the TES charging in a 35 'C ambient. 
structure of the hydro-polyiner, sufficient nucleation sites exist for heterogenous 
type solidification to take place; this is evident in the crystalline structure of the 
TES when charged, see Figure C. 3 on page C-272. Sub- cooling during lieterogenous 
nucleation may also be brought about by pressure effects, where increased pressure 
tends to delay the onset of phase-transition, see also Callen (1960), Chapter 9. This 
is an effect which has blighted the use of encapsulation in PCM energy storage tech- 
iiologies, see also Table 3.3 oil page 95. Rapid cooling' is also known to have the 
propensity to result in sub-cooling'. One possible reason for this may be the forma- 
tion of ail outer, solidified layer which effectively acts as ail encapsulating medium. 
It is this phenomenon that is thought to engender sub --- cooling in this case, as the 
TES's are held in place between the evaporator and the steel restraint, both of which 
can deliver higher heat fluxes to the TES surface than the PCM can diffuse inwards. 
This is possibly creating depressions in the surface temperatures and the formation 
of the aforementioned surface layer. 
7.3.3 The Thermal Store Discharge Time 
A simple experiment , vas undertaken to determine the discharge times of the 
TES within tile ES DRA (see Appendix C. 4.2 on page C-270 for a brief discussion 
'The cooling rate in this case is circa 78 -. 1-- (4 x2x0.3 
2) 
, 108 W/M2. 
'See for histance Rochester (1981). 
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on preliminary TES charge- discharge tests outside the ES DRA). Beginning with a 
charged TES within the ES -DRA (see earlier on in this section 6.3 oil page 200). the 
procedure was to regulate the ambient temperature to one degree about a fixed 
temperature and monitor the TES temperature until it rose above its transition 
temperature (T,,, ). As expected the temperature-time history curves were smooth. 
with the characteristic transit ion-phase plateaux normally associated Nvith first 
order changes in state. The results indicate that circa 52 and 40 hours of cooling 
can be obtained from the TES at 25 and 32 'C respectively for ail enipty appliance. 
see Figures 6.17 and 6.18, qv. pages 208 and 209 respectively. 
10 
6r 
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4 '- 
Cl - 
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Figure 7.17: Temperature-Time history of the TES discharging in a 25'C ain- 
bient. 
In comparing the charge and discharge times, between a third and a sixth of the 
TES utillisation (energy extraction) time should be allowed for store replenishment'. 
Depending oil the need to extract energy from the TES and the availabilitV of enerpy 
for TES charging, it will require less time (and energy) to charge the TES during the 
periods of lowest ambient temperature within the charge- discharge cycle'. Another 
iinplication of the long term thermal storage capability is that even without Clectro 
chemical storage backup., there is sufficient TES capacity to tide over ail alreadY 
charged ES DRA for protracted periods of energy dearth. The constant mean internal 
'Admittedly, this is prinie--inover (power) specific. The results obtained would most certainly 
differ for other design implement at ions or under other conditions. 
2 One ininiediate consequence of this is that lower charge powers can be used for store chaging 
for a given TES charge-tinie. 
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Figure 7.18: Temperature-Time history of the TES discharging in a 32'C am- 
bient. 
temperature of tile ES--DRA is further evidence of the temperature stabilising impact 
potential such a contrivance can have within the design of DRA's (compare this 
with Figure 6.31 on page 223 which characterises what occurs during normal DRA 
operation). 
Heat M-ansmission via the Evaporator 
The behaviour of the compressor is discussed briefly in section 6.1.4 oil page 195. 
As can be seen from Figure 6.14 on page 205 the effect of the initial compressor start 
I tip power is to inject heat into the ES-DRA. This effect persists in tile TES's long 
after the initial effect oil other evaporator surfaces has abated and is observed Nvith 
every compressor oil off cycle (see also Figure 6.8 oil page 197). 
Figures 6.19 and 6.20, , qv. pages 
211 and 211 respectively are representations 
of the temperat tires at tile mid-points of either side of one of the TES's during 
discharge cycles at 25 and 32 'C respectively. Of interest are tile relatively higher 
temperatures at the TES-evaporator interface in comparison to those at the TES 
, prior 
to tile commencement ES DRA air interface. As can be seem from the figures, 
of the latent heat absorption phase of the discharge cycle the temperature difference 
across tile TES mid plane is very small. However, as the TES discharges across the 
1 circa 30 minutes. 
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phase-change temperature, the observed difference increases until the latent heat 
plateau is traversed and subsequently the temperature difference diminishes Nvith 
increasing TES temperature. 
Although the observed temperature difference across the TES is small. it is par- 
ticularly remarkable as the expectation is that the presence of the TES would sillooth 
out any interface temperature variations. This establishes the existence of a direct 
heat transmission path between the ES-DRA interior and the ambient; further, that 
cognisance of this path must be taken in defining the manner in which the heat 
ingress to DRA's is to be assessed. 
The implication of reducing the number of compressor on-off (initially a heat 
injection process) cycles is clear. Such reductions' in compressor cycling can be 
brought about by the use of TES and the DRA energy-utilisation efficiency further 
enhanced by a judicious selection of the control regime employed for energy man- 
agement, see section 6.5 on page 214. 
The effect of this heat transmission path of particular detrimental to the ES-DRA 
application due to (a) the increased surface area of the evaporator and N the fact 
that the heat exchange temperature is that of the TES, which is (T,,,, - T,,,, ) lower 
than it would have otherwise been in the absence of the TES's. 
While there are considerations which mitigate the use of large evaporators in DRA 
design (see section 2.4.2 on page 59), from the foregoing it is clear that the larger the 
evaporator area, the greater the heat transmission into the system; this is clearly 
definitive of a criterion for the optimisation of the evaporator design. However, 
it may be more advantageous to seek avenues of curtailing this heat leak prior to 
proceeding with the search for this optimum. 
7.4 Response to Thermal Cycling 
In section 2.5.3 on page 66, eqn. (2.31) was deduced as a theoretical estimate 
of the expected lag for the ES-DRA compartment interior relative to changes in the 
ambient temperature. The existence of this time lag can have a bearing on the 
optimal energy management strategy for the ES-DRA. In order to quantify this lag, 
an experiment was set up where the temperature of the environmental chamber was 
cycled and the response of the air temperature within the appliance monitored. The 
ES-DRA had previously been switched off and allowed to equilibrate with the chamber 
ambient temperature. Figures 6.21 and 6.22, qv. pages 212 and 213 respectively, 
'A six-fold reduction is estimated by Michael and Yang (1991), Mithal and Yang (1994); how- 
ever there is no reason for adherence to this value as the number of on-off cycles is (ES-DFLA) 
controller dependent. 
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Figure 7.19: Temperatures across the TES mid plane during discharge at 25 'C. 
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Figure 7.20: Temperatures across the TES nlid-- plaile dtiring discharge at 32'C. 
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are graphical representations of the results of one such experimental run'. Close 
inspection reveals a temperature--time lag of about 28 mij, UteS2: in comparing this 
with the value obtained from the first set of experiments (Appendix B oil page B 
253) where the observed lag time was 240 minuteS3 ,a 
large discrepancy in what is 
intuitively expected is evident. 
40 
cý) 35 0 
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0 20 40 60 80 100 120 140 160 
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Figure 7.21: Graphical representation of the results from the experimental 
determination of the therinal lag of the ES DRA. 
The lack of all tile relevant data for tile VPSI, the variation" in the sparse data of 
tile properties of blown low-density polyurethane f6airl and tile fact that eqn (2.31) 
strictly applies only to ail infinite plane wall, makes accurate prediction difficult. 
Nevertheless, a 'feel' for the expected times irlay be drawn from Table 6.3 oil page 214 
(coliductivit. y and density values of polyurethane f6ain drawn from various sources 
liýwe been used here). 
Tile discrepancy between tile observed lag times (of the insulant test rig and DRA) 
is hidicative of ail alternate heat transmission path, other than the compartment 
Ný, all, through which heat ingress into the ES-DRA takes place. In addition to the 
'hi theory, this response should be independent of the changes in the magnitude of the anibicift 
temperature. 
2 The total ES-DRA wall thickness used in these experiments was 48mm. 
3 The total wall thickness in that case was 57.5mm. 
4 Two of the several possible reasons for this are (a) the variation in manner and agent employed 
hi blowing the insulant and (b) the tendency for the blown insulant to settle with time. 
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75 Energy Consumption Tests 
PM 
-3) (kgM C, (kJ/ kg- K) k (W/m K) 
Lag time 
(hours) a 
Lag time 
(hours)b 
l. c 20 1.400 0.034 0.36 2.46 
2. d 24 1.59 0.023 0.66 3.18 
3. e 
- 
27-48 0.838-1.046 0.019-0.026 0.46-0.78 2.34-3.92 
47 70 1.045 0.026 1.13 5.03 
2-62- 
'h =4 
W/M2 
- K. 
bDitto h and k=3.5 mW/mK estimated as in section B. 5 on page B-258 using rig dimensions. 
cData taken from [Drysdale, 1999, pp. 33]. 
dData taken from [ASHRAE, 1985, pp. 23.8]. 
eData taken from [Guyer and Brownell, 1988, pp. 3-13ff. ]. 
fData taken from [Incropera and DeWitt, 1990, App. A31. 
Table 7.3: Thermal lag estimates across a polyurethane foam wall based on 
eqn (2.31). 
evaporator-compressor conduction path identified in section 6.3.3 on page 209, the 
door seal is another likely avenue through which this might take place. 
The (half hourly) response time of the ES-DRA to (twelve hourly) changes in 
ambiance is small in comparison to the mean fluctuation time of the ambient tem- 
perature (twelve hourly). This places some restrictions on the available options 
which may be exercised in developing an intelligent control regime for the ES-DRA 
and the quantity of PCM required for TES'. In the future, attention should be paid 
to resolving this issue as it not only has implications on the heat gain to the ES-DRA 
but it also places restrictions on the kernel of control strategies which may be ap- 
plied to such a device. For the current application, barring COP degradation due to 
load magnitude, TES charging is best done at times when the ambient temperature 
is lowest. 
7.5 Energy Consumption Tests 
Introduction 
The next set of tests were performed to determine the (no-load') energy con- 
sumption values of the ES-DRA over 24-hour periods. The tests were carried out in 
three stages viz: 
'For instance, a four-hour lag would mean that, say, the noon-day heat would be 'felt' by the 
appliance in the early evening, when the ambient temperature was lower and by comparison 
better 
COP's were obtainable from the appliance's prime-mover. 
2 This is the current standard test for non-freezing appliances. 
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Tests to determine the energy consumption based on a night-time TES charge 
regime. 
Tests to determine the energy consumption based on a &kv-time TES charge 
regime. 
Tests to determine the energy consumption in the absence of TES, where control 
was effected to ensure that the temperature of the appliance was within nori-nal 
limits. 
In all these tests the environment temperature was varied between (+20 and 
+32)±l'C on a twelve-hourly basis to mimic the normal 'diurnal' cycle. Due 
to the difference in the heating and cooling capacity of the environment control 
equipment, the thermal control regime for the environmental chamber had to be 
carefully controlled during the heating periods. For all the experiments assessing 
energy consumption the following environmental chamber control regime was used: 
Period Temperature (±l) OC. 
Morning (06.00am-10.00am) -26 
Midday (10.00am-14.00pm) -32 
Evening (14.00pm-18.00pm) +25 
Night (18.00pm-06.00am) +20 
Table 7.4: Daily ambient-temperature set-points used during the experiments. 
The principal problems which were encountered with the data collection process 
during this stage had to do with (a) the 40 Hz ripple introduced into the system by 
the compressor, discussed in item AA of Appendix AA on page A-251 and (b) the 
occasional spurious reading in the acquired data. This ripple tended to affect the 
current readings to a greater extent than the voltage readings, with variations in 
adjacent data of up to a maximum of 20% as compared with only 0.3% for the latter; 
the issue as to how the data is to be interpreted is dealt with in Appendix A. 2-5 
on page A-243. While these fluctuations had varying effects on the computation of 
the instantaneous values of the power consumption and COP of the prime mover, the 
mean and cumulative values remained within what are considered as normal limits. 
Except where otherwise stated, the control set-point temperature for the ES- 
DRA interior was +4 ±2 "C. The criteria for recharging the TES was based on the 
assumption that recharging will commence prior to full discharge of the TES. This 
will negate the need to re-initiate the phase transition process and avoid the accom- 
panying sub-cooling effect. 
In the relevant cases, the TES charge process was continued until the mean tem- 
perature of the TES fell two degrees below the phase-transition temperature. This 
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was to ensure that there could be no question as to energy saved during partial 
TES charging augmenting the energy consumption figures of the ES-DRA. Thus the 
TES will be assumed to be fully recharged each day if the mean TES temperature' 
lies below -2.50C. Due to the nature of the TES charge control process, some de- 
gree of compressor cycling was inevitable. However, this served only to compromise 
the various indices of energy performance for this control regime and the extent 
of the benefits therein. Preliminary tests indicate that this cycling is unnecessary 
and should be one area which is examined carefully in the quest to further improve 
appliance performance. 
7.5.1 Night-Time Only Prime-Mover Operation 
The ES-DRA was run in a simulated diurnal thermal environment (20'C night- 
time and 32'C day-time) and the appliance response logged over several days. TES 
charging was done during the time window of 21: 00-02: 00 hours each day and the 
charge criterion was to ensure that the mean TES temperature at the end of each 
charge cycle was between (1-2) oC2. In spite of the compressor cycling mentioned 
in the last paragraph of the previous section, the results obtained are sufficient to 
indicate the potential advantages of the concept. Several experimental runs were 
made, each lasting a number of days, and the data analysed. Tables 6.5 and 6.6, qv. 
pages 217 and 219 respectively, presented below provide a summary of two such set 
of results (for different minimum TES charge temperatures); agreement of the data 
(within each table) is within normal (circa 10%) limits. 
A more extensive graphical representation of these results is presented in Fig- 
ure 6.23 on page 217 (COP values), Figure 6.24 on page 218 (Voltage and Current 
values), Figure 6.24 on page 218 (Energy throughput) and Figure 6.25 on page 218 
(Temperature profiles). 
'Measured at the top, (air-side) middle and bottom. 
2 Other preliminary tests were run using lower control temperatures e. g. between (-3 and - 
2-5) *C. These indicated that no benefit was obtained by charging the TES to temperatures lower 
than just below the phase change temperature (T,, ), as the energy stored in those cases will be 
sensible heat energy (see Tables 6.5 and 6.5, on page 217). 
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Figure 7.23: Instantaneous and mean coefficient of performance COP (top), 
condenser heat ejected, Qcondenser (kWh(T)) , and compressor energy constilliption, 
E,, 
p 
(kWh(, 
), bottom), diiring compressor 'on' periods for the night time control 
regime. 
Compressor DRA I TES I Evap, 
Consumed On-time Temperature 
Day cop E 
(Wh(, )) 
p 
(W(e)) (liours: mins) cycles oc 
1 3.50 100 55 1: 49 1 36.5 0.5 -0.5 -2.0 
2 3.50 110 55 1: 59 1 37.0 1.0 -0.5 -2.0 
3 3.25 110 55 1: 53 1 3 71-0 0.5 -0.5 -2.0 
4 3.25 120 55 2: 04 1 37.5 1.0 -0.5 -2.0 
5 3.00 130 60 2: 04 1 38.0 1.0 -0.5 -1.5 
Table 7.5: Summary of experiniental results for the night time prime mover 
control reginie. TES control temperature (-2 - -1) OC. The values displayed in 
this table are 24 hourly inean values. 
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Figure 7.24: Compressor Temperature profile T,,, (top), Voltage V,,,, and Cur- 
rent drawn (bottom) during compressor 'on' periods for the night time control 
regime. 
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Figure 7.25: Nlean temperature profile at various locations oil the experimental 
rig (bottoin) during compressor 'on' periods for the light -time control regime. 
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Compressor _DRA I TE 
Consumed On-time Temperature 
Day cop E 
(Wh(e)) 
P 
(W(e)) (hours: mins) cycles 0C 
1 3.25 100 55 1: 53 2 35.5 0.5 -1.0 - 2.15 2 3.25 120 55 2: 04 2 35.0 0.0 -1.0 -3.0 3 3.25 110 55 1: 59 2 35.0 0.0 -1.0 -2.5 4 3.50 100 50 1: 59 2 36.0 0.0 -1.0 -2.5 5 3.25 110 55 1: 59 2 36.0 0.5 -1.0 -2.5 
Table 7-6: Summary of experimental results for the night-time prime-mover 
control regime with TES control temperature (-3.0 - -2-5) *C. The values dis- 
played in this table are 24-hourly mean values. 
7.5.2 Day-time only Prime-Mover Operation 
Similar energy consumption tests (day-time TES-charge regime), were run to 
establish the energy-use profile of the ES-DRA when the compressor was operated 
only during the day. The ES-DRA was run in a simulated diurnal thermal environ- 
ment (20'C night-time and 32'C day-time) and the appliance response logged over 
several days. Charging was done typically between the period 10: 00 - 15: 00 hours 
each day (the simulated 'heat of the day'). Several experimental runs were made 
over a number of days each, and data analysed. One set of results is summarised in 
Table 6.7 on page 219; agreement is to within 10%. 
Compressor I DRA I TES Evap, 
Consumed On-time Temperature 
Day cop E 
(Wh(, 
ý)) 
P 
(W(, )) 
(hours: mins) cycles 0C 
1 2.75 170 70 2: 29 1 41.5 1.0 -0.5 -1.5 
2 3.00 150 65 2: 19 1 41.5 1.0 -0.5 -1.5 
3 2.75 170 70 2: 25 1 41.5 1.0 -0.5 -1.5 
4 2.75 160 65 2: 25 1 41.5 1.0 -0.5 -1.5 
5 2.75 160 65 2: 25 1 42.0 1.0 -0.5 -1.5 
Table 7.7: Summary of experimental results for the day-time prime-mover 
control regime. The values displayed in this table are 24-hourly mean values. 
The results are presented graphically in greater detail in Figure 6.26 on page 220 
(COP values), Figure 6.27 on page 220 (Voltage and Current values), Figure 6.27 on 
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Figure 7.26: Instantaneous and mean coefficient of performance COP (top), 
condenser heat ejectedi Qcondenaer 
(kWh(T)) 
. and compressor energy consumption. 
E,,,, (kWh(, ), bottom), during compressor "on' periods for the day time control 
regime. 
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Figure 7.27: Compressor Temperature profile T,,, (top), Voltage V,,,, and Current 
(Irawn (bottom) (Itiring compressor -on' periods for the day time control regime. 
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Figure 7.28: Mean temperature profile at various locations on the experimental 
rig (bottoin) during compressor 'on' periods for the day time control regime. 
page 220 (Energy throughput) and Figure 6.28 on page 221 (Temperature profiles). 
7.5.3 Normal Prime-Mover Operation 
In these tests the TESs were removed from the ES DRA and the appliance run 
as if it were an ordinarv DRA, with compressor activity dependent solely oil the 
necessity to moderate the appliance"s internal temperature. The DRA was operated 
in a simulated diurnal thermal environment (20'C night time and 32'C day-Aime 
and the appliance response logged over several days. In the previous experiments 
(day and night-time only compressor operation tests), due to the small volume of 
tile ES DRA, the presence of the TES ensured that at all times the air temperature 
was czrca 0 'C. In running tile no--TES test, the DRA temperature was found to stay 
within tile temperature range +4 ±2 'Cl; this is likely to bias the findings in favour 
of the these tests. A summary of the analysis of the results are presented in Table 6.8 
oil page 222; agreement again is within normal limits. 
Graphical representation of the results in greater detail is presented in Figure 6.29 
oil page 222 (COP values), Figure 6.30 oil page 223 (Voltage and Current values), 
Figure 6.30 oil page 223 (Energy throughput) and Figure 6.31 oil page 223 (Tem- 
perature profiles). 
'This was the DRA internal temperature control set-point used for all the experiments. 
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Figure 7.29: Instantaneous and mean coefficient of performance COP (top), 
condenser heat ejectedl Qcondenser (kWh(T) ) and compressor energy consumption, 
E,, p 
(kWh(, ), bottom), during compressor *on' periods for the normal operation 
mode scenario. 
Conipressor DRA 1 TES 1 Evap 
Consunied On--time Teniperature 
Dav Copa E 
(Wh(, » 
p 
(W(, » (hours: iniiis) cycles oc 
1 
2.0 160 
m70 
1 2: 17 8 31.5 3.5 - -4.5 
2 2.0 170 M 1 2: 23 8 32.0 3.5 -4.5 
3 2.0 170 -0 1 2: 21 9 32.0 3.5 -3.5 
4 2.0 IN 75 2: 35 9 32.0 3.5 -4.0 
5 
2.0 160 
M 
1 2: 12 8 32.5 3.5 -3., 5 
Table 7.8: Summary of experimental results for the 'norinal mode* prime mover 
control regime. The values displayed in this table are 24 hourly mean values. 
'The compressor inanufact urer quotes a value of 1.15432 'C ambient and a- 10 'C evaporat ing 
temperature. However, the DRA manufacturer's tests indicate values of circa 1.5 and 1.6 (432 'C 
without and Nvith a (sensible-heat) TES in place respect ix-ely, a discrepancy attributed to the 
relatively large surface area of the evaporator (ctrca 0.44m') which is circa four tinies what would 
be expected in a conventional 110 1 DRA. 
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Figure 7.30: Compressor temperature profile T., (top), Voltage V., and Current 
drawn (bottom) during compressor 'on' periods for the norinal operation inode 
scenario. 
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Figure 7.31: Mean temperature profile at various locations oil tile experimen- 
tal rig (bottoin) during compressor -oil' periods for the norinal operation mode 
scenario. 
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Compressor DRA I TES I Evap. 
Consumed On-time Temperature 
Regime COP E 
(Wh(, 
ý)) 
p 
(W(e)) (hours: mins) cycles 0C 
Normal 2.0 170 71 2: 22 8 32.0 3.5 - -4.0 
Day-time 2.8 162 67 2: 25 1 41.5 1.0 -0.5 -2. 
Night-time 3.3 114 56 1: 58 1 37.0 1.0 -0.5 
Table 7-9: Summary table of the experimental results for all regimes of prime- 
mover control. The values displayed in this table are 24-hourly mean values. 
As envisaged, the daily energy consumption of the ES-DRA varied depending on 
the type of control regime employed for its operation. The differences in the respec- 
tive energy consumption values indicate the superiority of the night-time control 
regime over the day-time control regime (42%) which in turn was superior (6%) to 
what would be obtained under normal operation. The percentage improvement in 
the energy consumption between the 'normal-operation' and night-time only regime 
was circa 52%. 
A similar trend is observed with respect to the COP values, where the night- 
time charge regimen offers superior performance (18%) over that achieved with the 
day-time charge regimen, which in turn was superior (40%) to that delivered under 
normal operation. The percentage improvement in the COP between the 'normal- 
operation' and night-time only regime was circa 65%. 
The same trend can be seen in other indices e. g. the total period for which the 
compressor was 'on' each day' and the mean power drawn by the compressor during 
this period (see Table 6.9 on page 224). In both cases where the TES was in place, the 
evaporating temperature was c%rca 2-2.5'C higher than for the no-TES case. The 
evaporating temperatures reached during the night-time control regime were lower 
(0.5T) than for the day-time control regime. This is probably as a result of the 
heat leak through to the evaporator via its connections to the ambient (compressor 
and condenser) establishing a slightly higher equilibrium evaporating temperature. 
However the mean temperature of the compressor was higher for day-time charge 
cycles (41.5T) than for the night-time charge cycles (35.5T), which in turn was 
higher than the mean compressor temperature observed during normal operation 
(32 T). The former probably occurs on account of the lower night-time temperature 
while the latter is due to the intermittent nature of the 'normal operation' process 
allowing the compressor temperature to drop. 
'This can have far reaching implications in situations where energy supply 
is infrequent. 
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In evidence (see Figure 6.31 on page 223 and section 6.3.2 on page 203) is the 
effect of the intermittent start-up energy consumption on the temperature of the 
compressor and the TES in the relevant cases (this heat will also be ejected into the 
system during normal operation). 
7.5.4 Conformance to the Regulatory Standards 
In 1996 the EU essentially adopted the GEA long-term standards for DRA energy 
consumption as the targets for appliances manufactured or acceptable within its 
member states (see EU (1996)). In confirming that the energy performance of the 
designed ES-DRA conforms to that standard, the energy consumption values obtained 
here are to be compared with the estimates given in the following table, which was 
drawn up based on research done by Waide (1993) for the proposed 1997 standards. 
Except where otherwise stated, the values are for 32'C day-time and 25'C night- 
time ambients: 
Daily Energy Consumption kWh(, ) 
Standard Short-term (up to 1997) long-term 
Following 1992 trend 0.698 
GEAa 0.678 0.313 
Greenpeace b 0.621 0.382 
_ Vacuum panel insulant (Waide, loc. cit. ) estimate' 0.140 
_ Polyurethane foam-VPSI estimate (qv. section 6.3.2 on page 191) 0.026 
-- ES-DRA measured value ('normal-operation' mode qv. ) 0.1703 
ES-DRA measured value (night-time regime qv. ) 0.114e 
'For a 32 "C ambient. 
bFor a 32'C ambient. 
"For a 25'C ambient. 
dFive-day average. 
'Five-day average. 
Table 7.10: Comparion of the energy consumption of the ES-DRA with different 
standards and projected estimates. 
7.6 Discussion 
This section discusses the observations made during the process of obtaining the 
results presented in this chapter, and the implications of the use of such an ES-DRA in 
harsh thermal environments and for applications with erratic or impoverished energy 
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supply. In commencing this discussion, the observation is made that the results furnished here support the preliminary results given by Michael and ýang(1991) 
and Mithal and Yang (1994). 
As with most experimental prototypes, a few quirks will exist within the system 
which will need to be resolved during the reiterative phases of the development 
stage. There are one or two issues not covered in the main discussion on which a 
cursory note will be made prior to a summary analysis of the material presented 
here. However, on no account was the ES-DRA adjudged to have failed in any of 
aspect of the stipulated criteria. 
The first is the observation that a slight amount of frost formation appeared 
on the surface of the TES-DRA (corrugated steel) interface. This was due to the 
sub-zero degree Celsius transition-temperature required for charging the TES, an 
issue compounded by the sub-cooling effect observed during the charge phase. It 
is probable that the use of a polymer as a replacement for this interface may have 
alleviated this problem, but this might have deleterious effects on the heat transfer 
performance of the interface'. However, this might not necessarily be inhibiting to 
the efficient working of the system, considering that the temperature of the ES-DRA 
remained well below the lower limit of the set-point. 
A second issue is the propensity of the evaporator temperature to drop sharply 
each time the compressor is turned off. This is due to a combination of the effect 
of the equilibration of the pressure across the compressor (which amounts to an 
expansion in the evaporator) and the loss of the heating effect of the compressor. 
The equilibration of the pressure across the compressor is undesirable as the work 
required to reinstate the working pressure differential on compressor start-up is 
essentially lost, in addition to the detrimental effect of the heat generated in the 
process of this pressure build up. Clearly, reducing the number of times this occurs 
would help address the problem to some extent. This not withstanding, it might be 
of some benefit to also investigate the advantages of preserving this pressure head 
during the compressor off-cycle. 
In much of the preceding sections and much of what is to follow, mention is made 
of the detrimental effect of the conduction path across the heat transfer inventory 
of the appliance from the ambient to the DRA interior. While discussions in those 
sections are valid and relevant in highlighting the problem at hand, it is to be 
unequivocally understood that the TES's are located at the appropriate places i. e. 
close to the positions of thermal ingress into the system. The effect of placing the 
TES's as close to the system's boundary as possible is to act as the low temperature 
equivalent of guard heaters. 
In the interest of brevity and clarity the annotated review of the results will be 
'e. g. it might reduce the rate of heat transfer from the DRA to the TES. 
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presented in list form: 
* The pull-down times were greater in'ES-DRA modethan in -normal DRA mode'. 
The charge times were ambient-temperature dependent. The recorded times for two of the tests were 9.2 hours Cd 25 *C and 13 hours La 35 'C. This 
is probably as much a result of the improvements in the mean COP values 
attainable at lower ambient temperatures as it is due to the relative magnitudes 
of the heat ingressing the compartment on account of the differences in the 
ambient temperatures. This highlights the need to ensure that, as much as it 
is possible, TES charging is done during the lower temperature periods of the 
charge-discharge cycle. 
40 Sub-cooling may be a problem during the initial charging of the TES's and 
this has to be looked into. The submission here is that the concertina-type 
evaporator-restraint used to hem in the TES may be participant to the or- 
chestration of the sub-cooling. Apart from the deterioration in compressor 
performance due to the necessarily low temperatures required to bring about 
the phase-transition, losses in thermodynamic availability (one of the reasons 
latent heat storage was selected above sensible heat storage) of the order (see 
Winegard (1964), Chapter 2): 
TLH - 
Tevap. 
Wunavail 
r1a 
QUI 
. 
Tevap. 
will attend in the process'. This can be considerable on account of the large 
values Q. tends to assume and is additional to any losses which occur on 
account of the thermal capacity of the material. 
The TES discharge times varied according to the prevailing ambient temper- 
ature and will do so further, depending on the nature of the interaction it is 
subjected to in service. However, for an empty device or one which is infre- 
quently interacted with, in excess of two days coolth energy delivery can be 
expected without recourse to backup batteries, in the event of electrical energy 
supply failure. 
A clear indication of an evaporator-compressor thermal conduction path was 
illustrated with the aid of the TESIS2. Apparent was the evidence of heat 
'Where T.,. 
P. is the minimum sub-cooling temperature, occurring immediately prior to phase transition. 
2 No doubt a similar path exists between the condenser and the evaporator. 
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injected into the system on account of the 'start-up' power drawn bN' the 
compressor (irrespective of whether the TES's were in place or not)- 
The effect of this thermal conduction path is felt not only in terms of the 
heat ejected into the system on compressor start-up but also in terms of the 
thermal response time of the DRA compartment to the diurnal fluctuations 
in the ambient temperature. The nett effect of this (apart from the heat- 
gain implications in harsh thermal environments) is the loss of a considerable 
proportion of the thermal lag, which effectively limits the kernel of energy 
management strategies available for ES-DRA controller design. 
The recommendations here are to (a) limit the number of compressor switch- 
ing 'events' and W undertake further research into the thermal isolation of the 
internal heat transfer inventory (evaporator) from the external heat transfer 
inventory (condenser and compressor). 
There were marked improvements in the calculated COP of the compressor 
when the appliance was operated as an ES-DRA (as opposed to the operation in 
4normal DRA mode'). In quantitative terms, these tests indicate that the night- 
time TES charge operation consistently delivers superior COP's and consumes 
less energy (18% and 30% respectively) in comparison to the day-time TES 
charge regime, which in turn performed better than the DRA functioning in 
normal mode (40%, 6%), using the same indices. This was in-spite of certain 
biases which favoured the 'normal DRA mode' tests. 
In both day-time and night-time operation modes of the ES-DRA, more stable 
internal temperatures were observed in comparison with the 'normal DRA mode' 
of operation. 
Invariably, higher power consumption was observed with the appliance oper- 
ating in 'ES-DRA mode' than with the 'normal DRA mode'. The implication 
of this is that comparatively large capacity devices (e. g. prime-movers) have 
to be employed in 'ES-DRA mode'; these tend to be more efficient on account 
of the higher relative proportion of work output to inertial loads for a given 
amount of energy transfer. 
The mean temperature of the compressor in 'ES-DRA mode' was higher when 
compared to the temperatures observed in 'normal DRA mode'. 
The results of a comparison with the current EU standards indicate that the 
basic, no-TES DRA design is far superior (circa 100%) in energy consumption 
efficiency terms to what is required by the standards. This is due to the 
presence of the VPSI used in its construction. With the incorporation of a TES 
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and implementation of an appropriate energy management strategy further 
improvements of 52% on that superiority can be obtained. 
7.7 Closure 
The results presented herein have proven the viability of the concept of ther- 
mal energy storage (based on hydrophilic polymers) within domestic refrigeration 
appliances. The results conclusively illustrate that there are several advantages of 
an ES-DRA over its non-energy-storing counterpart in terms of (a) energy-use flex- 
ibility, W energy use (and conversion) efficiency, W the devolution of energy use 
from conversion, W appliance robustness to lacuna in energy supply and fluctu- 
ations in the ambient temperature, (e) reduction in compressor cycling and M 
thermal performance (particularly in relation to the fluctuations in the appliance's 
internal temperature about the set-point). The comparisons with the battery-only 
energy storage implementation demonstrate that the HES DRA design approach is 
much better than the traditional battery storage technique used for solar-powered 
refrigeration. 
Certain aspects of the results highlight areas where further development is re- 
quired in order to reap the full potential of the appliance; in particular these include, 
the development of an intelligent controller, the need to dispense with the heat con- 
duction path between the interior (evaporator) and the exterior (compressor and 
condenser) heat transfer inventory and the issue of sub-cooling of the TES during 
the initial charge phase. 
PhD Thesis Q 1"9 Cronfield University -Refngeration 
Appliances: Performance enhancements via novel Thermal - Energy Storage- 
Chapter Eight 
Conclusions and Recommend at ions 
8.1 Introduction 
8.1 Introduction 
Z79 
This chapter, in concluding this research undertaking, summarises the previous 
seven chapters, identifies opportunities for further research and goes on to briefly 
discuss the findings of the scope for commercially exploiting the proposed DRA design. 
8.2 Research Rationale 
The manner in which man has hitherto utilised the earth's natural resources has 
been unfortunate in as much as it is potentially threatening to his long-term exis- 
tence on earth. In recent years, there has been much socio-political, academic and 
commercial activity addressing this issue. Whilst much governmental expenditure 
has been directed at driving and assisting the development of mechanisms, identi- 
fying practices and disseminating information which might help to ameliorate the 
energy/environmental situation, issues of consumer attitudes and behavioural prac- 
tices need to be addressed with greater vigour. Indeed environmental concern needs 
to be an integral part of the educational curriculum 'at all levels' and governmental 
practices/policies should be patently consistent with the theme of 'environmental 
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conservation' across the board. 
From a socio-technological point of view, there is the need for a continual. critical 
review into the various currently-undertaken tasks (e. g. energy conversion, trans- 
portation, etc. ) regarding their necessity and the current methods utilised to achieve 
the desired objectives. Concomitantly, there is the need to ensure that, within the 
limits of the current understanding of each process, only the best possible appliances 
are available and universally affordable 'on the market". As user practices and de- 
mands do and will vary unpredictably, it is expedient to ensure that the appliances 
placed in the public domain, for consumption, are robust to variations in user prac- 
tices and are as simple to use as they are efficient. Indeed the best devices will tend 
to be those which, whilst exhibiting a high level of energy utilisation efficiency with 
probably low energy consumption and minimum (embodied) environmental impact, 
remain easy to use (particularly in the sense of minimum consumer attention), are 
unintrusive and have minimum maintenance cost. 
The current research investigated domestic refrigeration appliances (including 
appliances used for small-scale non-domestic applications e. g. public houses, corner 
shops, mobile vaccination or recreational units) with the view of devising a method- 
ology for enhancing the (energy and thermal) performance of these appliances. Es- 
sentially the aim was to design a super-efficient (in terms of both energy consump- 
tion and energy utilisation), intelligent DRA which is robust to the energy-supply 
profile whilst still delivering superior thermal regulation and cooling performance 
to a comparable DRA. The result was a 'hybrid energy storage domestic refrigera- 
tion appliance' (HES-DRA) which incorporated vacuum panel super insulation (VPSI), 
thermal and electro-chemical (electric battery) energy storage technologies and an 
energy management system as an integral part of the DRA design. 
8.3 Results 
The work was carried out in five stages namely (a) the identification of the 
research area (state of the art, potential benefits etc. ) and the analysis of the ba- 
sic technological requirements N the formulation of the solution methodologies, 
the identification of the relevant and appropriate technologies and the analysis of 
the various energy-management strategic-options, W the modeling of the entire 
scheme to facilitate the design of the DRA, W the modification of the DRA prototype 
for experimentation, the writing of the appliance control software and the data ac- 
'It is questionable why it is permissible for an energy-inefficient device to be sold alongside an 
efficient one (e. g. an A and D rated refrigerator) when the sale of a mechanically- or electrically- 
unsafe device is expressly prohibited. This discrepancy sets energy use apart from the other product 
requirements where there is one standard which has to be met by all e. g. safety. 
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quisition process and M the actual experimental proceedures, the consequent data 
analysis and finally the prototype evaluation. 
The research exercise included making certain changes to the basic DRA design, 
these were to (a) replace the outer steel shell with a plastic one (this negates the need 
of the use of 'anti-sweat' heaters), (b) use appropriate energy storage technologies 
to enhance systems energy consumption performance based on a well-defined control 
routine, rather than permit ambient criteria to determine the energy consumption 
pattern of the DRA, (c) utilise the best commercially-available thermal insulation 
and M employ a high performance compressor. 
The rationale behind the energy management strategies employed was to provide 
a means by which (a) the appliance's energy-use profile can be decoupled from the 
energy supply profile of the system, N more rapid thermal energy transfer to the 
DRA interior may be obtained while at the same time preserving the COP of the 
prime-mover, W temperature fluctuations within the DRA interior compartment 
may be stabilised and M energy consumption may be minimised. 
Three basic appliance management strategies were tested: (a) the appliance 
without thermal energy storage, to act as a control experiment, N the appliance 
utilising thermal energy storage with the prime-mover functioning only during the 
day-time and W the appliance utilising thermal energy storage with night-time 
prime mover operation. The results of these tests indicate that the appliance's mea- 
sured COP, energy utilisation efficiency and the stability of the DRA's internal tem- 
perature markedly improved when the appliance was fitted with a TES and run with 
either energy management protocol. With the appliance fitted with TES's, higher 
evaporating temperatures and less prime-mover cycling' were required. Other test 
results indicated that the appliance could function (with the TES alone) without any 
energy input in a circa 25'C environment for approaching 54 hours. 
As expected, significantly longer appliance temperature 'pull-down' times were 
observed with the TES in place, these being circa two- to three-fold longer than for 
tests in the absence of the TES. In running the DRA in energy storage modes it is 
necessary to initially charge and then to recharge the stores at periodic intervals. 
The TES tended to undergo sub-cooling during the initial charge phase, usually to 
a temperature of circa -5 - -8'C; however thereafter the charge process took place 
at circa -2'C, which was higher than the mean evaporating temperature observed 
during 'normal' operation. 
The performance indicators (energy consumption, COP, etc. ) of the designed ES- 
DRA varied depending on the control regime employed for its operation. However, 
in all cases the performace of the ES-DRA was superior to the performance of the 
'This presumably may increase the longevity of the device and have a beneficial impact on the 
acoustic comfort of the home. 
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same appliance operated without the benefit of the TES (and energy management 
strategy) - 
The results otained indicate that an improvement in the measured (appliance) 
COP of 65% may be realised by the use of a TES and an appropriate control regime in 
the design of a DRA. As a result of this improvement, a reduction in the appliances 
energy consumption of much as 52% may be achieved. This was accompanied by a 
15W (21%) decrease in the mean power consumption of the compressor' The pres- 
ence of the TES (adjacent to the evaporator) in the DRA permitted higher evaporating 
temperatures under the same loading condition for an ES-DRA when compared to its 
no-TES counterpart. The mean appliance air-temperature for the ES-DRA did not 
vary more than one degree during duration of operation as compared to the no-TES 
appliance which varied as much as 6 oC23 - The employed technologies afforded user 
defined control on the load-demand shape of the ES-DRA, the energy management 
strategies employed in this implementation afforded as much as an eight-fold reduc- 
tion in compressor cycling during operation. This was accompanied by as much as 
a 24-minute reduction in the compressor on-time. 
A comparison of the energy consumption of the designed ES-DRA to the require- 
ments of the EU standards indicates that the basic, no-TES DRA can offer circa 100% 
improvement in terms of energy consumption. With the incorporation of an appro- 
priate TES and the implementation of an appropriate energy management strategy 
further improvements of up to 52% may be achieved. 
8.4 Recommendations For Further Research 
The work documented herein consists of the principal stage of the research pro- 
cess into implementing the concept of improving energy consumption efficiency by 
careful energy management via appropriate energy storage and control technolo- 
gies. In demonstrating the viability of the concept, several of the current think- 
ing/practices in the DRA manufacturing industry have been challenged. Notably, the 
appliance is devoid of heaters, has been designed specifically with the environment 
in mind (particularly in the sense that it is efficient in terms of both energy con- 
version and energy utilisation), is robust to variations in energy supply, provides 
a constant temperature internal compartment during periods of 'non-interactive' 
use and is 'intelligent' in as much as it possesses the ability to be programmed to 
respond to a myriad of different energy supply or utilisation demand scenarios. As 
'Averaged over the compressor on-time. 
2 The maximum permitted by controller 
'These comparisons do not include the compressor on-times which consistently depress the 
temperature of the appliance. 
PhD Thesis 0 1999 Cranfield Universitij -Refrigeration 
Apphances: Performance enhancements via novel 
Thermal - 
Energy Storage- 
8.4 Recommendations For Further Research 2-83 
with all proof-of-concept devices, several passes of the design-implementat ion it- 
eration loop will have to be undergone to produce a state-of-the-art deN-ice. The 
following is a brief list of tasks which forseeably should form the basis of the next 
stage of the process: 
During the course of the experimental process, it became apparent that the 
existence of a thermal transmission path between evaporator and the 'external 
inventory' (compressor and condenser)', would compromise the thermal isola- 
tion of the system. This is in fact the case, albeit that the exact meclianisin 
needs to be identified. However, one modification which could be made is to 
replace the aluminium evaporator with a plastic-based alternative'. This will 
eliminate the issue of heat transmission, by direct conduction, from the TES 
to the exterior (not to mention reducing the evaporator cost). The gas-phase 
and heat pipe type heat-transmission issues (see Footnote 1 on page 235) may 
be tentatively addressed by the insertion of one-way valves at the appropriate 
places in the refrigerant conduit. This is classed as essential work, as much of 
the benefits of utilising a super-insulant is lost on account of this, and it will 
serve to improve the utilisation capacity of the TES in long-term storage. 
The initial design stipulated that the evaporator be completely enclosed within 
the TES. However, in this experimental run this was not implemented. Such an 
implementation will enable the thorough investigation of the extent to which 
the heat transfer to the DRA interior is impeded on account of the presence of 
the TES as well as serve as an encasing protection for the plastic evaporator 
suggested earlier. 
The work done remains incomplete in the sense that much more data collec- 
tion/analysis is required in order to comprehensively charactersise the HES-DRA 
behaviour. Advancing the research will principally involve experimenting with 
the 'rig' at various settings and charting the various indices of merit alongside 
the chosen energy management regime. These results should then be fed back 
into a modified version of the computer model and the process reiterated until 
sufficient data is obtained to fine-tune the appliance design and subsequently 
reprogram some type of complex adaptive controller. 
'Thermal transmission would be of several forms W by direct conduction, (ii) gas-phase 
convective transmission and (iii) by a heat-pipe type effect between the condenser/ compressor 
and the evaporator. 
'The reader is reminded that the controlling resistance is either the DRA-air side thermal re- 
sistance or the TES thermal resistance. In fact, at least one manufacturer (MENERGA Ltd. Unit 
D, Princes Drive, Kenilworth CV8 2FD, UK) is already producing plastic radiators/heat exchange 
surfaces. 
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The compressor used was a fixed speed (dc) compressor'; in spite of its single 
speed specification, it was discovered that running the compressor at turned- 
down voltages (66% of the rated) reduced its power output as well as the 
maximum compressor temperature. The ability to run the compressor at vari- 
able speeds and power outputs would be invaluable to the appliance's energy 
management system, as it would permit optimum utilisation of the time avail- 
able for TES charging. One design which may be looked into regarding this 
is the use of multiple individually-wound stators placed serially along the de- 
vice's rotor and/or a mechanism for isolating particular compression chambers 
based on coolth demand. 
The use of an electric battery as a backup is unlikely to gain wide range ac- 
ceptance in the current domestic sector as the electricity supply is, apart from 
a few exceptional circumstances, fairly constant in much of western Europe. 
However for remote applications and in developing regions, the choice may be 
born of necessity. It may be worth investigating the use of possibly lighter and 
greener alternative electricity generation technologies e. g. fuel cells, to replace 
electric batteries. 
Due to the nature of the design of the system, TES charging occurs sequentially 
(as was evident from the TES charge tests); it might be worth investigating the 
use of 'thermo-glide' refrigerants 2 in an attempt to alleviate the problem. This 
might also be useful in applications where large evaporators are in use to ensure 
uniform energy transfer occurs as the refrigerant traverses the refrigerator. 
8.5 Opportunities for Commercial Exploitation 
Much of the recommendations for further work reside in the realm of applied- 
research development and can be carried out either in the further research or devel- 
opment of the DRA. In its current guise, the DRA has all the necessary requirements 
to make it fit for commercial sale, with one or two modifications. Principally, the 
basic energy management facilitating mechanism (the TES's) may be retro-fitted 
into commercially-sold refrigeration appliances. In doing so, two main issues have 
to be addressed; the first is the need to modify the surface area of the evaporat- 
ing surface in order to provide a sufficient heat transfer area for the required heat 
'While this is seldom seen in domestic devices, it was chosen because of its relevance to other 
related applications. 
2A blend of several immiscible refrigerants each with different phase-transition thermo-physical 
Properties. 
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transmission from the TES to the DRA interior at the TES operating temperature'. 
The second issue is the need to ensure the integrity of the store at all timeS2 and 
thus, a more rigid form of encasing is recommended. The only other modification 
which will need to be made to the system is the insertion of the chip containing 
the compressor control mechanism and the necessary relays into the compressor's 
electric circuit. These modifications are all that are needed to give a c2rca 30-60 % 
improvement in the system's COP. 
While the use of the 'vacuum panel super insulation' would significantly reduce 
the overall energy consumption of the applianceS3 , the current author is of the 
opinion that due to the cost of these paneIS4, it is imperative that all the thermal 
transmission paths are detected and adequately dealt with prior to their adoption. 
A cost estimate of these addended components is: 
Component Cost (S) 
(VPSI) insulation 59.00 
Thermal stores 12-50 
Intelligent control system 
(estimated) 
30.00 
Table 8.1: Cost of various addended components to the basic DRA. 
If this is compared to the cost of a new 200 litre refrigerator (circa X250), the 
estimated material cost of retrofitting the TES and energy management mechanism 
alone is circa 20%. 
8.6 Closure 
It is difficult to make a quantitative assessment of the immediate (or indeed 
long-term) energy and cost impact of the implementation of this mechanism on 
'This is estimated at around a four- to five-fold increase in surface area i. e. essentially doubling 
the evaporator dimensions. 
2 This protection is simply to prevent the TES from structural damage and to protect it from 
fungal attack. The TES material is relatively inert and non-toxic and may be viewed as envi- 
ronmentally friendly in the sense that it is biodegradable (can be 'eaten' by fungi) or (being a 
hydrocarbon) can be combusted as fuel. 
3 Indeed some manufacturers claim that just the use of one panel foamed in place on the rear 
side of a standard DRA gives up to a 30% (measured) improvement in energy consumption. This 
is strategically located to increase the thermal resistance in the heat transmission path between, 
both, the air rising past the compressor and the heat ejected from the condenser and the DRA 
interior. 
4 At the time of purchase the cost was circa X10.00 per panel. 
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the UK (or OECD) economies or the environment at large. Suffice it to say that 
the potential impact of this technology when introduced into a new environment 
is to reduce appliance energy consumption by between 30-60 %. NMore important 
is the potential of such a cheap robust appliance to the developing world, and the 
medical' /recreational sectors in general. However, the greatest application is bound 
to be in developing world countries where energy supply may be intermittent. In one 
sense, the research presented herein provides the appliance designer (or user) with 
the flexibility to respond to different energy supply or demand scenarios efficiently. 
With the imminent maturity of solar/wind energy conversion technologies it may 
well be that in some regions of the world the burden of refrigeration carried by the 
environment may be reduced to that of a standby role. 
'Similar appliances for vaccine storage are supplied to the WHO at circa 
$US 5,000.00 and rely 
solely on electric batteries to cope with discontinuities energy supply. 
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Appendix A 
The calibration of the instrumentation 
Introduction 
In any experimental procedure it is imperative, in order to prove the instrumen- 
tation and to attest the veracity of the data collected, to calibrate all the instrumen- 
tation used in the experiment. This section briefly outlines the method by which 
the thermocouples, voltage and electrical current measurement devices were cali- 
brated. For more information about the measurement of temperature the interested 
reader is referred to Keenan (1941) and on their calibration to Barber (1971). The 
measurement of voltages was achieved using the voltage divider principle, whilst the 
measurement of electrical current utilised Ohms law (see for instance Nelkon (1981) 
and Resnick et al. (1993)). 
A. 1 General Procedure 
The calibration technique used in this exercise is based on the assumption that, 
within the ranges considered', the relationships between actual and observed values 
of the measured quantities are sufficiently linear. On this understanding, two fiducial 
points (lower and higher) in the quantity measurement space are selected. The lower 
point serves as a reference zero datum for all subsequent measurements, whilst the 
higher point was used to determine the necessary scaling factors. 
In order to preserve the integrity of the calibration and ensure its applicability 
within the experimental setup, it was deemed necessary to calibrate as many of the 
measuring devices as possible in situ, preferably with as much, if not all', the other 
instrumentation and reference instruments for calibration in place. Where possible 
these reference instrumentation were left in place during the actual experiments. 
Practicality excluded the calibration of thermocouples being done insitu; however 
the electrical current and voltage measuring devices were calibrated Msitu. 
The specific procedures employed in the calibration of the thermocouples is doc- 
umented in Appendix A. 2 on page A-241, whilst that for the calibration of the voltage 
'For temperatures, -15-+50*C, for voltages 14-30V and for currents 
0-4amp. 
2 To reduce the possibility of the inclusion of additional instrumentation causing deviations in 
the measured fiducial states of already installed instrumentation. 
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and electrical current measuring devices is documented in Appendix A. 3 on page A- 
244. These contain the relevant diagrammatic layouts with subsequent discussions 
considering the issue of accuracy and possible lacunae which may result from the 
use of the devices. The discussion further attempts to offer an insight into possible 
methods of interpreting observations in-spite of these. 
A. 2 The Calibration of the Thermocouples 
Introduction 
This section deals with the general technique used to calibrate the thermocouples 
used for the different experiments undertaken during the course of this work. Unless 
otherwise stated, the thermocouples used were of the Copper-Constantan T-type. 
A. 2.1 Aim 
The aim of this experiment is to determine, for any particular thermocouple, 
a reliable estimate for the zero offset and a scaling factor within the region of the 
triple point and boiling point of water. These values are then used to correct any 
readings that are taken with the said thermocouple to obtain a closer estimate of 
the actual values from measured values. 
A. 2.2 Apparatus 
The following apparatus were routinely employed in this procedure (see the fig- 
ures for further details). 
* The thermocouple(s) to be calibrated. 
An isothermal box with the cold junction compensator configured to enable 
direct reading of centigrade temperatures from the thermocouples. 
* The MICROLINK data-logger with an appropriate data acquisition card. 
eA standard calibrated thermometer. 
A zero degree (triple-point) reference thermal potential. This was typically an 
oil bath immersed in melting ice and left to stand for a few hours to equilibrate. 
A boiling/high temperature reference thermal potential. An aluminium 
isothermal block was used for his purpose. 
e The computer and calibration software as given in Appendix D on page D-27.5 
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A. 2.3 Procedure 
The thermocouples were connected to the channels on the MICROLINK on which 
they would be ultimately used. The thermo-junctions were then placed in the 
cold (oil) baths along with the thermometer. After the values on the thermometer 
had stabilised, the channels were sampled repeatedly and the average and standard 
deviations for each channel reading were recorded. The value indicated bv the 
reference thermometer was also noted and recorded. 
The thermometer and thermocouple thermo-junctions were then placed in oil 
baths within the isothermal block, the target temperature was set and the device 
switched on. After the reference thermometer temperature stabilised, its reading 
was recorded and again the relevant data-logger channels were sampled repeatedly 
and the average and standard deviations for each channel reading computed and 
recorded. The experiment was repeated to ensure the repeatability of the results. 
A. 2.4 Precautions 
In the calibration of thermocouples, several issues have to be considered, such as: 
(a) the accuracy of the calibration, (b) the repeatability of the results, (c) whether 
changes in the location of the device would affect the applicability of the results 
within the intended experimental setting etc. Extreme care has to be exercised in 
the connection of thermocouples to electronic data-loggers, particularly when other 
electrical analogue signals are being monitored by the same equipment. This is as to 
ensure that across the data logging device, only one reference voltage is defined as 
the earth. The failure to do this can lead to errors in the data collected during run- 
time which may go unnoticed. Other precautions which must be taken have to do 
with: (a) verifying the integrity of the connections and the thermo-junctions, (b) 
ensuring that both the thermocouple and the thermo-junction heads remain fully 
immersed in the oil bath to guarantee the temperature of the contacting medium, 
(c) ensuring continuity within the thermocouple wires, (d) care to avoid parallax 
errors and (e) in selecting the fiducial points, care to ensure that they spanned close 
to the anticipated measurement range. 
A-2.5 Discussion 
The results of the experiment demonstrate the need for calibration. For the 
lower 0.2'C reference point, temperature excesses (in the raw data) of 2*C were 
routinely measured with modal standard deviation of less than 0.1. Similarly for the 
upper 94-95'C reference point temperature excesses of VC, with a modal standard 
deviation of less than 0.2, were consistently observed. The low coefficient of variation 
observed across the experiments indicates the consistency across the experiments. 
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The variation observed for each individual thermocouple in repeated sampling tends 
to indicate that the accuracy of the sampling process is ±0.5 OC i. e. to tile nearest 
half a degree. Figures A. 1 and A. 2, qv. pages A-243 and A-244 respectively are graphs 
of the measured deviations in individual thermocouple temperatures. the length of 
the accompanying error bar indicates the uncertainty in the data. 
First run 
3 
0 
Or 
TA &ý ;a-i 2 rW-, I 
IT hTTA'If 
ý-o 
0M 
0 00000000 0 00000000 0 00000000 -V 7 V- v -q IT n. -T V. V. V. V. '. V. ,v (D **0000** cD 0*Z, * ýD ýo V, ., --------v- 00 00000000 00 cý (=, C> 0 0000000000 000000 -1 ^4 -4 -4 -4-4 -4 ýq 
CD 000000000E 
Channel Identity Numbers 
Figure A. l: Therinocotiple calibration data indicating the inean observed data 
for each thermocouple in a 0.2 OC environment. The error bars are indicative of 
the spread (standard deviation) of the data. 
Accuracy and sources of errors Several avenues exist wherefroin errors illaN' 
arise, apart from the -spurious' errors which may occur due to say, failure to heed 
any of the caveats given in section A. 2.4 on page A-242. There are also systematic 
errors which may be introduced into the calibration procedure. These range from 
inaccuracies in the reference thermometer calibration, voltage offsets oil the data ac- 
(Iiiisition cards to an improperly calibrated or configured cold junction compensator 
in the isothermal box. 
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Figure A-2: Thermocouple calibration data indicating the mean observed data 
for each thermocouple in a 94-95 'C environment. The error bars are indicative 
of the spread (standard deviation) of the data. 
A-3 The Calibration of Voltage and Current measurement 
devices 
A. 3.1 Introduction 
This section details tile technique used for calibrating tile voltage (voltage di- 
viders) and current (shunts) measurement devices used during the remainder of the 
experimental works. 
A-3.2 Aim 
The aim of this experiment is to deterinine for each voltage divide or current 
slitint, a reliable zero offset and scaling factor Nvithin the intended operational range 
of the device. The obtained values are to be used to (linearly) relate measured 
potential differences to the actual value of the measured quantity. 
A-3.3 Apparatus 
The following apparatus were routinely employed in this procedure. 
* The shunts and voltage divider to be calibrated. 
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Figure A. 3: Thermometer in dewar 
flask 
Standard calibrated voltage and current ineasurenmit &N, Ices (aninleter and 
voltmeters). 
s The MICROLINK data -logger with an appropriate data acquisition card. 
o The intended experimental setup. 
* The computer and calibration software as listed in Appendix D on page D 275. 
A-3.4 Procedure 
The intended experimental circuits were wired up and the necessary voltage 
taps (across the current shunts and the voltage dividers) connected to the relevant 
channels of the data acquisition apparatus. Ammeters were then connected next to 
tile current shunts and voltmeters in parallel with the voltage divider. see Figure AA 
oil page A-246 for a detailed diagram of the circuit. 
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Figure AA: Circuit diagram for the voltage divider and shuts calibration. 
dc-PSU 
Timer 
With the circuit 'opened', potential differences across each of the measuring 
devices (shunts and voltage dividers) were then scanned repeatedly by the data- 
logger and the average and standard deviations of the recorded values were computed 
and recorded. The values indicated by the reference instruments were also noted 
and recorded. 
Power was then applied to the circuit and after the initial fluctuations on the 
instruments had settled the data-logger was again used to gather the relevant infor- 
mation and the average and standard deviation of the readings were computed. The 
readings of the reference instruments were again recorded. The entire experiment 
was repeated to confirm the results. 
A. 3.5 Precautions 
Just as in the case of the calibration of the thermocouples, issues of calibration 
accuracy, result repeatability etc. have to be addressed. For the case of the voltage 
and current measuring devices the issue of relocating the measuring devices is not 
relevant. Again, care had to be exercised to ensure that all the terminal connections 
were ohmic and in reading the instrumentation. For reasons given in item A. 4 of 
Appendix AA on page A-251 it was necessary to use analogue reference ammeters. 
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This was because these instruments tend to compensate for high frequency ripples 
in the measured signal due to their mechanical inertia. 
A. 3.6 Discussion 
The results of the experiment indicate good and fair (due in part to the fluctu- 
ations mentioned in section A. 3.5 on page A-246) reproducibility of the data for the 
open and closed circuit measurement respectively. Another feature which affected 
the closed circuit data was the constantly changing value of the power drawn from 
the device. This was as the power requirements of the experimental setup decreased 
exponentially with time and for this reason several trial runs were required to es- 
tablish a pattern prior to the actual data collection process. For the open circuit 
case there were no variations in the reference data (shunts 00416,00417 Oamp and 
voltage divider 00418 25V), while for the closed circuit case the following variations 
in the reference data was observed: Observed values: shunts 00416 -3.15--3.0 amp 
and 00417 3.0-3-05 amp and voltage divider 00418 24.49-24.58V. In both cases, i. e. 
closed and open circuit runs, the (rms) deviation of the data within each experimen- 
tal run was circa 5-8% and 9% respectively. Figures A. 5 and A. 6, qv. pages A-248 and 
A-249 respectively are graphs of the measured deviations in shunts (00416,00417) 
and voltage divider (00418); as before the length of the accompanying error bar 
indicates the uncertainty in the data circa 0.3%. 
Accuracy and sources of errors As previously mentioned, failure to take the 
basic necessary precautions as outlined earlier will lead to corruption of the results. 
This is particularly true in relation to the fixity of the connectors. Poor non-ohmic 
connections will, as time progresses, induce non-systematic errors into the data 
causing random corruption of the results. The fluctuations of the closed circuit 
results may be a cause for concern in situations where the observed values are 
to be used in sensitive calculations and it is for this reason that a large number 
of sequential samples of the data was taken for each reading. Also due to the 
magnitudes of the voltages measured across the shunts in particular (units and 
fractions of millivolts), small deviations in the measurements will be magnified in 
the translation to the values measured. 
In view of limitations in the resolution of the corrected data collected, it is neces- 
sary to define error-bounds within which the data may be interpreted. If proper care 
has been taken in collecting the data, the principal source of error will be random 
errors (i. e. in repeatability of the data). The standard deviation for successive obser- 
vation gives and indication of the scatter of the observed values about the observed 
mean and can be used to obtain an indication of the expected error in subsequently 
acquired data. Assuming the errors are normally distributed and a sufficiently large 
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Figure A-5: Open circuit voltage and current calibration data indicating the 
mean observed data for each instrument. Observed values: shunts 00416,00417 
Oamp and voltage divider 00418 25V. The error-bars are indicative of the spread 
(standard deviation) of the data. 
amount of data has been sampled, then probability of the collected data lying within 
one-, two- or three-standard deviations about the observed mean will be circa 68, 
95.5 and 99.7%, respectively [Kreyszig, 1983]. In other words the accuracy inherent 
defining the resolution of observed data to ±a is 68%. Unfortunately, the greater 
this error bounds are (i. e. increasing the confidence in approximating the data) the 
worse the resolution is. For instance, data with error-bounds represented by ±30' 
can only represent measurements that are at least 6a apart. Thus while it is de- 
sirable to use higher u limits for defining the error bounds it may be impracticable 
and lower levels of confidence will have to be accepted in order to make use of the 
data. The data collected in this calibration exercise will be resolved in terms of 
the multiples of the u and irrespective of the number of significant figures of the 
collected and corrected data, the following data resolution scheme will be adhered 
to (see Table A. 1 on page A-249). 
(a) For the current shunts (00416,, 00417) the measured standard deviation was 
between six and ten percent of the measured quantity and as such the data 
resolution will be based on a for practical reasons. Thus, the collected data 
will be quoted to the nearest 0.25amp. This is a convenience measure and from 
the Table A. 1 on page A-249 it is clear that the preferred resolution would be 
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Figure A. 6: Full load current and voltage calibration data indicating the mean 
observed data for each instrument. Observed values: shunts 00416 -3-15--3.0 
amp and 00417 (3-0-3.05) amp and voltage divider 00418 24.49-24.58V. The error- 
bars are indicative of the spread (standard deviation) of the data. 
Ch l ' Data values 
(X 103) 
b ' anne Datum size 
(07400) 
max 
574,111 2x ý5740,, 3X Or4OO 
S R 
00400-15 10 1058 980 196 295 1 0.3' 
T 00600-15 hi 192 452 163 325 488 1 0.5' 
00-15 Total 384 1058 131 261 392 1 0.41 
I 10 4 3.73 1.93 3.86 5.79 0 
-- - - - 1 00416 hi 2 13.6 11.2 22.5 33.7 18 5 2r 
10 4 0.045 0.042 0.084 0.125 0 1 00417 hi 2 20.1 20.0 40.0 60.1 14 0.281 
10 4 0.194 0.180 0.36 0.539 0 - 00418 hi 2 22.9 28.2 45.7 68.5 3_ 0 0.2' 
Table A. I: 
"hi and lo indicate the high and low end of the calibration points. 
bThe ratio between the measured quantity and the observed data. 
"The data resolution 
"Based on 3xU,,,,,, 
dBased on 
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to the nearest 0.3amp. The implication of this is that the level of confidence 
of the data will be about one in three. 
(b) For the voltage divider channel (00418) the data displayed less fluctuation in 
comparison to the value of the measured voltage (8.24V) and 3or limits can be 
used to define the error bounds on the data to greater resolution than for the 
current shunts. In this case the mean square deviation in the data was less 
than 0.3% of the mean observed voltage. Thus, the voltages quoted are done 
to the nearest 0.25V. 
The size of the average o, of the measured temperatures also permit the use 
of the 3or limits for resolving the data. Here the data is to be quoted to the 
nearest 0.5'C, which is higher than the indicated 99% confidence limits in the 
table. 
(d) From the measured data it will be necessary to derive power and energy con- 
sumption values; thus the following discussion on the minimum accuracy of 
derived data is undertaken with this in mind. 
Given measured voltage (V) and current (I) values, the power consumption can 
be derived from ohms law viz P(, ) =VxI. Assuming the respective voltage 
and current errors are represented by e,, x 10-1 and e, x 10-1 respectively, 
then an accurate representation of the computed power would be 
P(e) = (V ± e,, x 10-1) x (I ± e, x 10-1) 
=V-I+ (±V - e, ±I-e,, ) x 10-1 ± e, - e, x 
10-2 
Where the sign on each of the terms will be dictated by the sense on the errors. 
Clearly, the worst case is when the errors all have the same sense i. e. 
P(e) =V. I±((V. (emax)I 
+I* (e.. ),, ) x 10-' + ((emax)I(e,,,. x),, 
) x 10 
Thus the principal part of the maximum error (e.. ) is seen to be' 
AP(, ) - (V -x 
'The likelihood of the error being consistently at its maximum is remote; a more realistic 
estimate of the error may be based on the expectations of the respective errors i. e. the first central 
moment of the probability density function (F,,,, (3a)) of the error e. g. 
3or. +i 
E, PDF (e) = 
lu 
e- FD, (3or) -. de 
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Using the values in the Table A. 1 on page A-249 the principal error may be 
seen to be ±5.26, ±10.52 and ±15.78 for one-, two- and three-sigma limits 
(assuming 25V and 3arap for the maximum voltage and current) respectiN-ely. 
The data for the currents is to be quoted to ±a and so the decision is here 
adopted to use the one-a result for displaying the computed power values i. e. 
powers will be approximated to the nearest 5W 
(e) The energy consumption data is effectively a cumulation of the power con- 
sumption and for this reason the resolution of the derived data will be half the 
resolution on the power consumption data i. e., the energy consumption data 
will quoted to the nearest IOJ. 
A. 4 General discussion 
In order to gather the information required for the specific purpose of calibrating 
the instrumentation, a small module was put together drawing on the routines of 
the main control program (given in Appendix D on page D-275). The routine reads 
a given set of instrument channels on the MICROLINK' a user defined number of 
times and consequently computes the mean and standard deviation of the results 
as indicators of central tendency. In principle the implementation of this is (and 
was) fairly straightforward; however, within the data collection setting a number of 
difficulties, hereunder discussed, were encountered: 
In determining the values for each calibration point, it is necessary to repeat- 
edly sample each device channel and with the information obtained, determine 
acceptable representative values using measures of central tendency'. This is 
as to reduce the impact of spurious results within the data collected on the 
consequent device calibration process. Thus there is the requirement to ensure 
that the number of repeated samples is sufficient for meaningful statistical in- 
ference. For these experiments, initially a sample size for each channel reading 
of 800 was decided upon. However, as the data points increased, there was 
Therefore the expected error in this case is representable by 
E,,,, (, LP(. )) - (V - E,,,, (e, ) +I- 
EPDF (e, )) 
This can then be subsequently evaluated to compute the probable errors. 
'A data acquisition and programmable controller, supplied by Biodata Ltd. see section 7.1.1 
on page 231 for more details. 
'In this case, the mean and standard deviation, with each sample value assigned the same 
'statistical weight'. 
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an increased tendency for data to arrive at the input port whilst the CPU was 
still processing data from a previous request and thus for the port buffer to 
fill up. Whenever this happened an 'input overrun'error warning was issued 
by the operating-system and the final data was compromised. For this reason 
the number of sequential samples for each reading was decreased to 400. 
During the calibration of the shunts and the voltmeter with the compressor 
running, there was a noticeable variation in the value of consecutive readings of 
each channel. Closer investigation on an oscilloscope revealed this to be caused 
by a 40Hz ripple introduced by the normal operation of the dc compressor as 
the (rotor) windings 'cut' through the magnetic flux. The Nyquist' crite- 
rion [Strang, 1986, pp. 325], [Franklin et al., 1990, pp. 193,197ff. ] stipulates 
that in such an event, data sampling should be done at twice this frequency. 
The attempt to adhere to this criterion was curtailed by the inability of the 
MICROLINK to sample data at that rate 2. In fact for maximum wait times 
below 70ms a 'device not responding' error message returned by the control 
program, indicative of a failure for data to arrive at the input port before the 
device's response-failure time lapsed. 
In computing the 'running' mean R and standard deviation a the following algo- 
rithms were used: 
Rn 
--` 
Rn 
-+ 
Xn - Xn-I 
n 
ol 
2 
-n -1 
2_ + 
(Xn 
-R n_1)2 
nn 
107 
nn 
Equation (A. I) was deduced in Strang (1986) whilst eqn (A. 11) can be derived in the 
same manner in which eqn (A. 1) was arrived at in the said reference. a was based 
on n rather than n-1; the error in this value for n> 100 is less than one percent. 
This was considered sufficiently accurate for the present purpose of indicating the 
scatter of the data. 
13 
'A fact later confirmed by the equipment manufacturer (Biodata Ltd. ). 
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Appendix B 
Determination of the insitu thermal resistance of the 
0 
composite insulant 
Introduction 
The effectiveness of thermal insulants in real systems may depend as much on 
the manner in which they are applied, as on the values of the thermal conductivities 
of the insulants. In some cases the geometry in and to which they are applied may 
also have as substantial a consequence on the thermal resistance of the resulting 
insulation as the thicknesses of the insulants applied. One well know case in point is 
the use of insulants on curved geometries where the ratio's of the insulants internal 
and external radii (and thus the ratio of the insulant thickness and mean radius) is 
significant in estimating the thermal resistance of the applied insulant. For this rea- 
son, particularly in non-simple geometries and composite' insulant arrangements, 
it is expedient where possible to obtain experimental estimates of the thermal re- 
sistance insitu. The current DRA application possesses a non-simple geometry and 
also utilises a composite insulant. 
B. 1 Aim 
This appendix documents the experimental procedure utilised to determine the 
actual thermal resistance of a compartment similarly insulated to the proposed DRA. 
B. 2 Apparatus and Setup 
The following apparatus were used for the current experiment: 
A cabinet of similar type as to be used in the construction of the DRA, fitted 
with the VPSI, see Figures B-1 and B. 2, qv. pages B-254 and B-254 respectively; 
dimensional details are given in Figure B. 3 on page B-255. 
9 Sixteen T-type thermocouples. 
*A 15 Watt heat source (an incandescent bulb) - 
'Composite in the sense that more than one insulant (or insulation technique) contributes 
Significantly to the resulting thermal resistance. 
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*A Fluke' data-logger. 
*A power stabiliser. 
* watt meter. 
9A variac. 
&A standardised thermometer. 
9A Thermos flask. 
* Melting ice. 
* Boiling hot water. 
* Aluminium adhesive tape. 
Figure B. 1: Plan view of (open) ex- 
perinlental rig used for composite in- 
sulant conductivity determination. 
'John Fluke Manufacturing Co. Inc - USA 
Figure B-2: End view of experi- 
mental rig tised for composite insu- 
lant conductivity determination. 
PhD Thesis @ 1999 Crunfield Universit-9 --- 
Refrigeration Appliances: Performance enhancements via novel Thermal Energy Storage 
B Determinotion of the in situ thermol resistance of the composite insulont 
650 mm 650 nun 
k 
380 mm 
520rnm 
530 mm 
Figure B. 3: Cut-away sketch of insulated compartment indicating dimensions. 
B. 3 The setup 
The main experimental layout of the thermocouples was as follows (see also 
Figure BA on page B-256): 
Three equidistant thermocouples were placed vertically within the box and 
were used for the determination of the internal air temperature distribution. 
Seven thermocouples (four internally and three externally) were placed ver- 
tically on the surfaces adjacent to the air thermocouples; these were used to 
determine the temperature difference across the walls of the box. One thermo- 
couple was placed adjacent to the thermocouple on the middle internal surface 
to check for temperature deviations along the horizontal. 
Two pairs of thermocouples were adjacently placed on either side of the lid, 
one pair at the centre and the other pair midway between the centre and an 
edge. These were to determine the temperature difference across the centre 
of the lid and to determine if there was a significant difference between the 
values across the centre and midway between the centre and an edge. 
9 One thermocouple was used to determine the ambient air temperature. 
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9 One thermocouple was used to determine the air-heat source interface tem- 
perature. 
The heat source was connected to the mains via the variac. This was to 
facilitate the variation of the energy input to the system. 
All the thermocouples were attached at their thermo-junctions by means of 
the aluminium tape and connected to the data-logger. 
ft 
w 
I10 
I19 
I 
I19 
Figure BA: Diagrammatic location of thermocouples. 
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Figure B. 5: Circuit diagram of experinientýd control layow 
BA Procedure 
Prior to the set, up of the main experiment, the thermocouples were calibrated 
agaiiist ii standard thermometer. The technique used Is exactll v as dem-ribed hi 
Appendix A on page A-288, excepting the following inodificat ions: 
Boiling water held in the thermos flask Nvas used in place of the iswllernial 
heating block. 
* The Fluke data-logger was used in place of the coniputer-MICROLINK arrange- 
illent. 
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Fewer readings were used to determine the average values of the observed 
temperature' i. e. 3 as opposed to 400. 
The results obtained in this pre-experiment were used to calibrate for accuracy. For 
information as to the algorithm for computing the offset and scaling factors and how 
appropriate corrections are made see Appendix A. 2.5 on page A-290. 
The rig was then set-up as described in Appendix B. 2 on page B-253 and the access 
hole completely sealed off. The power source was switched on and the power input 
to the rig set. Readings were taken at four-hourly intervals until the readings from 
the data-logger at given locations became 'steady'. The experiment was repeated 
for three other input power settings. The average length of time for each experiment 
was four days and each experiment achieved a relevant temperature difference. 
B. 5 Theory 
The underlying theory behind the experiment is relatively simple and draws on 
the basic (Fourier) law of conduction to determine an effective thermal conductance 
(Kýf f) of the compartment - Schneider 
(1985) gives the following correlation (origi- 
nally from Langmuir et al. (1913)) for the steady-state heat transfer conductance' 
into a parallelepiped shell: 
K=k 
4ac 
+ ab -1+- Öfl 6ce 
Va, b, c> 
dmax 
5 
1.08 - (a + b) + 2.16 - (a + c) + 0.4 - (46si + bf, + 6ce)] 
6 in this case . represents the thickness of the enclosing wall, ja, b, cj being ge- 
ometric internal dimensions. The exact representation of ja, b, cj as well as the 
subscripting notation for 6 can be understood from the Figure B. 6 on page B-259. 
Due to the nature of the implementation of the composite insulation, it is neces- 
sary to consider the effect of parts of the VPSI layer which consists of polyurethane 
foam insulation. The shape factor S correlation given in Incropera and De- 
1 The system was much simpler than that of the main experiment, with a reduced propensity 
for data corruption from within the system. 
2 Cf.. 4=KAT 
(B. I) 
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Figure B. 6: Supporting figure for eqn (B. 1) 
Witt (1990), pp. 88, was used for this purpose. 
S. 
all= I 
Sýdgc= 0.54D, Sýorner= 0.15J 
K= ESj D= (a, b, c} 
i 
B-W7 
(B. II) 
In this case A is the area of each wall, 6 the corresponding wall thickness and D 
the height of each edge'. 
In the event where the shell consists of several different layers of material e. g. 
as in the case of a composite insulant, the effective resultant conductance can be 
deduced as: 
n, kj 
Kres. 
rlj= 
(B. 111) 
En Iij'=, kj 
i=l ki 
The cabinet wall construction was of composite type, comprising 25.4 mm of VPS I 
(k, 0.0019W/mK [Babyak, 1994]2) sandwiched between 16.05MM (sides), 12.3mm 
'see indicated reference for further clarification. 
2 Manufacturer's (OWENS-CORNING) quoted figures. 
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(bottom), 42.3 mm (inside top) and 12.3 mm (outside top) layers' of blown rigid low- 
density polyurethane foam k2 0.022W/m K) [Woods, 1987]. Table B. I on page B---)60 
charts the distribution of the various layers of thermal insulation making up the 
composite box. Using eqn (B-1) and eqn (B. 11) with the aid of eqn (B-111) and the 
Layer Conductivity (W/mK) 0.022 0.0019 0.022 
depth (a) (mm) 535 567 618 
width (b) (mm) 535 567 618 
height (c) (mm) 380 445 495 
68i mm) 52 25 12 
if I MM) 
- 
12 25 12 
1( mm) T 16 1 -25 1 -1-61 
Table B-1: Distribution of composite insulation around compartment. 
data in Table B. 1 on page B-260, it is possible to deduce estimates for (a) the 
effective thermal conductance for each layer, (b) the resultant effective conductance 
for the compartment and W an apparent thermal conductivity for the composite 
insulant. Table B. 2 on page B-260 tabulates the 'theoretical' conductances of various 
layers of the compartment's composite insulant, the total resulting conductance and 
the apparent thermal conductivity of the compostite insulant using two different 
correlations. 
layer conductance Conductivity 
(W/ OC) (W/m K) 
Layer 0.022 0.0019 0.022 resultant 
eqn (B. 1 ) 1.82 0.131 3.133 0.117 0.0044 
eqn (B .1 1.816 0.130 3.126 0.117 0.0045 
Table B. 2: Computed values for the thermal conductances and apparent con- 
ductivity 
Applying eqn (B. 111) to these results yields a value of, -z-, 0.12W/ K as the theroretical 
conductance of the box containing the polyurethane foam-VPSI composite insula- 
tion. Similarly, eqn (B. 11) may be applied to a box of similar geometry insulated with 
only polyurethane foam (the current practice since its introduction in the LER 2001 
refrigerator which employed 65 = of polyurethane foam, double the 30 MM thickness 
in common use at that time (1986) [Guldbrandsen et al., 19861) the results yield 
'Due to the method employed in manufacturing the box there was a 40im polyurethane foam 
protusion extending into the cabinet 
PhD Thesis 01 "9 Cranfield University -Refrigeration 
Appliances: Performance enhancements via novel Thermal - Energy Storage- 
B Determination of the in situ thermal resistance of the composite insulant B 309 
--, 0-59W/ K. Thus, in theory, a cima five-fold increase in the com part nient thermal 
resistance may be expected with the change to the composite insulation. 
From the data obtained from the experiment., the temperature differences be- 
tween adjacent wall thermocouples (interior-exterior pairs) were computed. If each 
of these values are assumed, in turn. to be representative temperature differences 
either side (adjacent) of the cabinet wall, an apparent thermal conductance for tile 
box may be computed, viz: 
4 Kapparent 
B. 6 Experimental Results 
From the data-logger output, quiescent data' was taken over a 24 hour period 
and the apparent thermal conductance for the cabinet based on each adjacent -wall 
thermocouple pair (internal and external) computed as described in Appendix B. 5 
on page B-258. The average value for each thermocouple pair was then computed (in 
an attempt to cancel out the diurnal fluctuations of the ambient) and the results. 
grouped by region, are presented in Figures B. 7 and B. 8, qv. pages B 261 and B 262 
respectively 
0.45 
0 
ct 
0.4 
0.35 
0.3 
E- 
0.25 ' 
0 
.... ........................ ........................ 
IIIIII11 
24 6 12 18 24 6 12 18 24 
Time (hours) Time (hours) 
Figure B. 7: Thermal conductance charts 
'In the quasi steady-state sense, due to the diurnal fluctuations of the wilbient temperature 
Across vertical walls Internal to external air Across ceiling 
..................................................................... 
3W 
5.6 W 
9w 
12, w 
L......... ................................... 
................ ........................ 
.............. 
..................... ........ 
................................ ..................................................................... 
PhD Thesis C 1999 Crunfield University -Refrigeration 
Appliances: Performance enhancements -, ria no%Tl 
Thermal Energy Storage 
6 12 18 
Time (hours) 
B Determination of the in situ thermal resistance of the composite insulant B 310 
Across vertical walls Internal to external air Across ceiling 
35 ---------------------- ........................ ........................ ............ ... ...... . .... ...... .............. .......................... ...................... ........................ ........................ ........................... 
30 ...................... ........................ ........................ ........... . ... ... .... ... ... ............ ...... ........................ ...................... ........................ ........................ 0 ...................... ........................ 25 ....... ........................ . ........................ ...................... ........................ ........................ 
...................... ........................ ........................ 20 ..................... ........................ ........................ ...................... ........................ ........................ 7; .............................................. 
................. I-: - 15 - -7- ý-- - ............. ....................... ........................ ...................... ........................ ........................ 
...................... .......... 10 
........................ ........................ ...................... ........................ ........................ 
...................... -3W--------............. ----------- * ... * ------ - 5 
...................... . 
5.6 W .............. 
....................... 1) W.......................... 
............ 
0111...... I...... I ...... I ...... 
06 12 18 24 6 12 18 24 6 12 18 24 
Time (hours) Time (hours) Time (hours) 
Figure B. 8: Temperature difference charts 
The range of the thermal conductance values obtained was between 0.33 
0.40 W/ K. In comparison with the theoretical estimates (0.117 W/ K) given in Table B. 2 
oil page B--260, a factor of circa 3-4 relates the values. This may be acceptable as the 
representative apparent thermal conductance of these experiments. Using e(jil (B. 1) 
an apparent conductivity for the composite insulant can be computed based oil these 
measured values to be in the region 0.012-0.016W/mK', whilst the value obtained 
from the theoretical calculations was 0.0044W/mK. Again a factor of circa 34 is 
seen to be relational. 
B-7 Discussions 
As would be expected, there are spatial variations in the temperature distribution 
within and about the coin part in ent. The discrepancies in the temperatures for 
horizontally adjacent (interior or exterior) locations were within tile limits of the 
resolution of the thermocouples viz 0.53 OC. The vertical temperature distribution 
was again as expected, , vith tile upper regions of the compartment recording tile 
Ifigliest teniperat tires. This was presumably caused by (a) tile heated air rising 
partly by from tile heat source to tile thermocouple placed directly above it and, 
(b) the effects of radiation from the heat source to that surface. The effect of this 
radiative component was deemed to be comparatively less on tile thermocouples 
'Similar values are obtained with the use of eqn 
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placed along the vertical wall, as the aluminium tape (used for thermocouple fixing) 
placed on the heat-source/glass interface tended to acted as a radiation shield. This 
resulted in higher temperature differences across the compartment lid (see Figure B. 8 
on page B-262) and consequently higher thermal conductance values for that region. 
There was the tendency for increased temperature differences with increasing 
wattage dissipation within the compartment; however these increases were not com- 
mensurate with the relative increase in wattage and as a result, lower thermal con- 
ductance values were obtained. For this reason the difference between the results 
for the 9 and 12 W dissipation runs were within the limits of the resolution of the 
current experiment. 
The computed values for the thermal conductance were considerably lower than 
those measured (implying a lower than expected thermal resistance). A factor of 
between 3-4 appears to exist between the measured and the computed values. Two 
probable reasons for this large discrepancy are, [i] air ingressing into the system 
through (a) the seals and W the access hole and [ii] the possible damage of 
one of the panels during handling. That not withstanding, the apparent thermal 
conductivity of the composite insulant (estimated at 0.012-0.016W/mK) is a marked 
improvement (50 - 70%) on the 0.022 W/m K which would otherwise be obtained from 
the polyurethane foam alone. It is thus clear that the polyurethane foani-VPSI 
composite insulation system is far superior as a thermal insulant to the polyurethane 
foam alone. 
Incidentally, U-W] above has far-reaching implications in the application of 
tsuper insulants' in DRA's, in that currently some 32% of the total heat leak into 
DRA's is through the door gaskets [ASHRAE, 1994, pp. 48.3]. If the compartment 
wall insulation is improved, without due attention given to the door seals and other 
avenues of heat leak, much of the effort and expense might well be in vain. 
Another interesting observation is the lag response time across the cabinet wall. 
If the data for the temperatures at various locations is plotted over time, a distinct 
lag between the cabinet internal temperatures behind the external ambient temper- 
ature is observed. In this case the lag is 240 minutes (four hours), see Figure B. 9 on 
page B-264, which can have implications in the design of an effective thermal control 
strategy for a DRA utilising such an insulant. 
B. 8 The sources of errors 
There are several avenues from which errors might have arisen in this experiment; 
these include: 
Fluctuations in the ambient temperatures made the ideal attaining of fixed 
steady-state temperatures impractical. Thus quasi-steady temperatures 
had 
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Figure B. 9: Graphs indicating thermal lag dtiring oxI)erinient. 
to suffice. 
Despite of tile fact that the power supply was connected to a stabiliser there 
were still noticeable fluctuations in the power input to the rig. The effects of 
these were more significant at lower power settings. 
The calibration of the thermocouples against the standard thermometer. Er- 
rors here inay include those due to inaccuracies in the -standard' (systematic) 
and errors due parallax (random). 
B. 9 Summary 
Tile basis of these experiments was to deduce real estimates for the resultant 
thermal conductance (and apparent thermal conduct ivity) of the proposed compos- 
ite insulant. In the utilisation of these results, it must be borne in mind that the 
calculations have been based on eqn (B. 1) which is geometrically. as well as dinien- 
sionally., dependent. Thus the values obtained here should in no Nvise be applied to 
systems -vvhich are geometrically or markedly dinlensionally different from the cur- 
rent one. Similar restrictions apply to temperature ranges within which these values 
are useful (e. g. such as temperature regions where the linearity approximation of the 
thermal conductivities breaks down) even within the current dimensional context. 
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In the utilisation of eqn (B. 111) to deduce real values for the effective thermal 
conductance of the cabinet, it is important to utilise values for which steady-state 
(or quasi-steady, as in this case) conditions had been reached. This is as to ensure 
that transient thermal effects are eliminated. 
The experiment indicated that the apparent thermal conductivity of the com- 
posite polyurethane foam-VPSI insulant was in the range 0.012-0.016W/mK. 
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Appendix C 
The Production of Hydrophilic PVA LHTES Samples 
Introduction 
This appendix documents the preparation process of a cross-linked hydrophilic 
(water retentive, polymeric) material used as LHTES. The polymer used was polyvinyl 
alcohol (PVA) and the chosen method of cross-linking was the use of gamma- 
radiation (from a Cobalt 60 source). The technique has been applied extensively to 
the production of hydro-polymers, particularly those used in medicine'. Radiation 
polymerisation has the advantages that: 
The very nature of the process (gamma-ray irradiation) yields a sterile prod- 
uct. 
The process is relatively simple compared with other polymerisation processes 
(e. g. chemical) and allows the use of polymer solutions which are less hazardous 
than monomers. There are no other residual chemicals (initiators or reagents 
left in the product) which are often poisonous. 
The process is comparatively cheap. This is because, the dosage of radiation 
required for the purpose is similar to that which is commercially used for other 
purposes (e. g. waste sterilisation). 
Some disadvantages of the technique are: 
Whilst the process is not extremely sensitive to the intensity of the irradiation, 
some attention has to be payed to the dosage of radiation being supplied, as 
radiation damage may result. This usually takes the form of dissociation of 
water molecules producing hydrogen molecules which are then trapped in the 
rigid structure. 
The method is not particularly suited to the production of thick (in excess 
of 500m) as differential cross-linking may result, with cross-linking of the 
regions furthest from the radiation source less likely to proceed to full extent. 
This problem may partially be alleviated by rotation of the samples; however 
this is to within a limit. Increasing the dosage intensity of the radiation does 
'For the manufacture of contact lenses, as a prosthetic aid etc. see [Holly and Refojo, 1976]. 
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not appear to be the solution, as damage may result in regions closest to the 
radiation source which may yield samples which are not suited to the intended 
application. 
The process cannot be applied to the production of all types of cross-linkable 
hydro-polymers. 
The process has been extensively studied and documented and the interested 
reader may consult any of the many standard texts which deal with polymers and 
their polymerisation, for instance [Buchholz and Peppas, 1994]. The use of radiation 
cross-linking for the preparation of cross-linked polymers has been applied here at 
Cranf ield university within different projects [Leguay, 1994; Birkett, 1996] where it 
was reported to have performed satisfactorily. It was based on this and the foregoing 
that the process was chosen in this application. 
After the preparation, preliminary experiments were carried out to assess the 
overall suitability of the resulting polymers for the thermal storage function. This 
appendix deals only with the manner in which the TES's were produced for use within 
this project and the various tests/observations made on the resulting product. 
CA Aim 
The aim of this exercise was to produce sufficient numbers' of well contained, 
inert portions of cross-linked hydrophilic PVA for the ES-DRA experiments. These 
are to have circa 95% water content and not weigh less than 1.26kg 2, with a view 
to producing a total thermal storage capacity in excess of 0.4kWh(T) see section 6.5 
on page 209 and Tables 6.17 and C. 2, qv. pages 204 and C-321 respectively. 
C. 2 Apparatus 
The following were used in the production of the storage medium: 
1. Polyvinyl alcohol (500g), molecular weight 115 p03. 
2. Several gallons of distilled water, produced in the laboratory. 
Several thick-walled polyethene bags 340 mm x 480 mm4. 
'At least four. 
'Based on the computed estimates given in Chapter 6 on page 184. 
3 Suppliers: BDH Laboratory supplies, Poole, BH15 1TD, England. 
4 Suppliers: Flectalon Ltd.; Thermal insulation manufacturers, Treforest Industrial Estate. 
Pontypridd, Mid-Glamorgan CF37 5UA, England. 
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4. A Dapper bar-type impulse heat sealer'. 
5. A weighing balance. 
6. A large bucket. 
7. A stirrer. 
8. A roll of thin polyethene sheeting 'cling film'. 
C. 3 Procedure 
The bucket was weighed and then tarred on the scales and 1.5 litres of hot water 
added to it'. Approximately 0.253 kg of PVA (for a 5% solution) was then weighed 
out and slowly added to the water as it was stirred vigorously. On contact with the 
water the PVA powder agglomerated into clumps due to the rapid partial dissolution 
(inadequate dispersion) of the material. When all the PVA had been added to the 
solution, the contents of the bucket were made up to 2.0 litres by the addition of 
more hot water. The bucket was then covered with the cling film and left for the 
gradual dissolution of the clumps to take place. Every six to eight hours the mixture 
was stirred to aid the process and after seventy-two hours, all the solid had passed 
into solution, the solution was then divided equally between four of the polythene 
bags and each bag made up to a weight slightly in excess of 1.2632 kg3. An attempt 
was then made to expel the air from the bags and they were then sealed. 
The process was repeated to make up spare bags and for two other weight cat- 
egories (0.65kg and 0.33kg). Subsequently, the bags were packaged (as flat as 
possible') in cartons, between wood-chip board and sent off for irradiation'. Un- 
fortunately, some of the bags burst during handling in transit and the package had 
to be returned. The process had to be repeated and was successful on the second 
attempt. The dosage used was 2.5 Mrads which may be slightly more than is neces- 
sary for cross-linking; this was as the installation where the irradiation was carried 
out was set up for processing hospital/commercial waste where higher doses are 
routinely employed. 
'Manufacturers: The Thames Packaging Equipment Company, Senate House, Tyssen Str., Lon- 
don E8 2ND, UK. 
'There was no need to use distilled water as any living organisms would be destroyed during 
the irradiation process; hot water was used to aid the dissolution process. 
3 circa 1.3 kg; this excess is to accommodate any spillage that would occur during the bag sealing 
process. 
4As this will define the geometry of the ensuing product 
5This was done gratis, courtesy of Isotron PLC., Unit 2 Marcus Clo. Tilehurst, Reading, 
Berkshire RG3 4BJ. UK 
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Visual examination of the samples returned revealed the following: 
There was some variation in the degree of cross-linking across the bags. This 
variation bore some correlation to the position of the bag in the packaged 
stack. The PVA in the bags on the top of the stack were fully cross-linked, 
with the degree of cross linking diminishing with depth (as evidenced by the 
proportion of the fluid content in the bags). Some of the bags at the bottom 
of the stack did not cross-link at all. This may possibly be as a result of 
the manner in which the bags were irradiated or the location of the radiation 
source. 
In the uppermost PVA bags, there were a substantial amount of bubbles within 
the cross-linked matrix. This was probably as a result of the decomposition of 
water molecules due to the high dose of radiation, thermal heating due to the 
dose rate and/or the exothermic nature of the polymerisation process. These 
bubbles in themselves are not perceived to constitute a major compromise in 
the suitability of the particular bag to the given application. The immersion of 
bags with such defects in water was sufficient to fill the voids. The implication 
of filling the voids in the samples with water (particularly those with a high 
void content) is that the percentage of water (by mass) in the matrix may be 
slightly increased. As mentioned earlier this would not affect the suitability of 
such samples to the intended application. 
The bags which did not 'take' were discarded as they would probably change 
phase at temperatures removed from zero (foreseeably at the phase-change 
temperature of 5% PVA). This would not be suitable for the present application. 
There was no need to employ any of the bags with voids, as four of the bags 
returned were of sufficiently high quality. The weights of these bags were: 
(1347.8,1313.1,1317.0 and 1301.3) kg respectively. These relatively higher 
quality bags were used in the experiments. 
C. 4 Other tests 
Two short tests were carried out on samples of the returned cross-linked PVA 
product. The first was to ascertain whether the water content of the samples was 
about or in excess of 95%. The second was to ensure that the phase-change point of 
the resulting PVA-H20matrix was in the region of O'C and that the hysteresis effect 
reported by [Highgate et al., 1989; Okoroafor et al., 998a; Okoroafor et al., 998b] did 
not occur. 
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C. 4.1 Estimation of the water content 
Samples of the acceptable finished product were taken and dried at different 
temperatures in a fan-assisted oven. An attempt was then made to rehydrate the 
samples. Several similar runs were observed at differing temperatures. The exper- 
iments yielded somewhat varying results; in all cases the results indicated water- 
uptake values in excess of 94%. Typical sample results are tabulated in Table CA 
on page C-319. One apparent characteristic of the PVA samples was that the rate 
of initial dessication was high. On initial exposure to the ambient, surface dry-out 
occurred rapidly with the result that the polymer surface became sticky to touch. 
Typically attempts to rehydrate the material resulted in rehydration weights 
which were less than the immediately preceding hydrated weight. In all cases the 
structure of the rehydrated polymer was markedly distorted in comparison with the 
original material; this was evident from the surface texture of the material. This was 
probably as a result of surface dry out and caking inhibiting the further desiccation 
of the material as well as possible damage to the material structure'. 
The changes in weight may have been the result of polymer loss and failure of the 
material to fully rehydrate, possibly as a consequence of structural changes/damage 
to the structure due to the thermal dessication process. Large changes in the initial 
dessication-rehydration run may have been due to the fact that the initial dry- 
ing phase may have driven off any uncross-linked material from within the matrix. 
Lower rehydration weights and more surface damage were evident at higher temper- 
atures, which tends to indicate greater degradation of the matrix structure. 
A different technique was deployed in an attempt to obtain more consistent 
results across runs. This involved placing the sample in a vacuum chamber and 
waiting for a sufficient length of time for the weight to equilibrate. Several problems 
were encountered with this method. Principally it was not possible to remove the 
sample from the chamber without (a) the rapid rehydration of the sample and (b) 
the freezing of the water contained within the sample. Similar surface degradation 
as was observed using the oven technique was also observed in this attempt. 
C. 4.2 Estimation of Preezing point 
In order to observe the thermal behaviour of the PCM, a sample of the accepted 
finished product was subjected to several freeze-thaw cycleS2 . The freeze/thaw 
characteristics of the material was as expected, the material changing phase at circa 
-I T on both the decent and accent stages of the cycle. The Figure CA on page 
C- 
'The hydrated PVA samples were made from solution with the water present and 'as made' 
structure is likely to collapse on drying and may not rehydrate with the same morphology. 
2 Between a -25 *C freezer and a 21 *C ambient. 
PhD Thesis 0 1999 Cranfield University -Refrigeration 
Apphances: Performance enhancements via novel 
Thermal 
- 
Energy Storage- 
C The Production of Hydrophific PVA LHTES SaMpleS C-319 
Drying tem- Mass of Mass Of dry 
(70) 
1132CII in Mass of (701.2.1 in 
perature hydrated sample (g) 
initial rehydrated rehvdrated 
(0c) sample (g) 
- 
sample sample (g) sample 
110-120 48.5 1.4 (10T 42.0 (IWF-V) 
90-100 24.1 1.5 94 16.5 91 
60-70 41.2 1.9 95 18.5 90 
Table CA: Data obtained during the dessication-rehydration experiments dur- 
ing the estimation of the water content in the cross-linked PVA. 
320 is one such map of the temperature-time curve of the material. It is interesting 
to note the manner in which the water within the polymer undergoes transition 
forming fine crystalline sub-structures within the cross-linked PVA matrix. This 
tends to indicate that the matrix structure serves to provide nucleating centres for 
ice growth. 
C. 5 Basic calculations and observations 
The TES medium is to consist of 95% water; hence the latent energy content of 
the store will be 0.95 of what would be available if the water was the medium used. If 
an assumption is made that only 90% of the stored energy will be recoverable' , this 
will reduce the energy storage density of the TES to 86% of its water equivalent. The 
latent heat of fusion of ice is in the region of 335 kJ/ kg this gives an apparent heat 
of fusion of circa 286 kJ/ kg for the 95% water-uptake TES. The following Table C. 2 
on page C-321, illustrates this (apparent latent heat concept) for different degrees of 
hydration of cross-linked PVA; with the information presented to give an indication 
of the TES weight and volumes which would be required per kWh(T) . 
The Table 
was used as a means of assessing the LHTES material requirements for the current 
application and contains the required weights and volumes for the 0.4kWh(T) TES 
used for the main experimental work Chapter 7 on page 229. 
C. 6 Discussions 
In order to reduce the effect of the material conductivity on the rate of heat 
transfer into and from the store, LHTES medium containment dimensions of circa 
9 mm x 300 mm x 300 mm has been specified. This also serves to reduce the impact on 
I This is based on the quantity of free water likely to be in the 95% samples see Highgate 
et al. (1989). 
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Figure C-1: Temperature-tinle history of a (95% w/w H20) cross linked PVA TES 
(circa 305mm x 305mm x 14mm) during a charge (-25'C) discharge (+20 0C) 
cycle. 
Figure C. 2: PVA (cross -hilked circa 
95% w/w) above the pliase-- change 
temperature (T,.,, ) of Nvater. 
Figure C. 3: PVA (cross hilked circa 
95% w/w) below the phase change 
temperature (TLH) of water. 
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Degree of 
hydration 
Apparent 
latent Heata 
Energy Content 
b 0.4 kWh(T) 
equivalent (yo)(112CII (kJ/ kg) (kg/ kWh (T)) (CIM3 / kWh (T)) kg dM3 
99 298.5 12.06 13.15 4.82 5.26 
95 196.5 
- 
12.57 14.47 5.03 5.79 
90 T 271.4 13.27 -- r-13.71 5.31 5.48 
C-321 
Table C-2: Chart of the latent heat energy storage capacity in relation to the 
degree of hydration of the PVA. 
"Based on 90% free water content. 
b1ce density used 
917kg/M3. 
useful volume of the introduction of the TES into the refrigerator compartment and 
it ensures that the TES's will fit alongside the evaporators. 
The choice of a high level of hydration was influenced by research done by High- 
gate et al. (1989), Okoroafor et al. (998a), Okoroafor et al. (998b) which demon- 
strates large hysteresis loops in the thermal path of low water content hydro- 
polymers under initial thermal cycling across the solid-liquid phase transition of 
water. This indicates a thermal energy transfer differential between the two paths, 
equivalent to a coolth energy sink in the freezing cycle, a behaviour which decreases 
markedly with increasing degree of hydration. This is possibly attributable, in part, 
to the cooling required to overcome the heat generated due to stresses building up in 
the hydro-polymer matrix during the expansion of the water molecules on freezing. 
The main inference from this is that higher water content hydro-polymers (hydro- 
gels) tend to act as better thermal stores. They have the disadvantage, as hydration 
approaches 100%, of loosing their rigidity and as such require increasingly delicate 
handling if physical damage is not to occur. 
The PVA solution is easily degraded by fungal attach which tend to break down 
the longer chains and thus destroy its propensity for cross-linking. For this reason 
care was taken to ensure that the PVA solution was covered at all times prior to 
irradiation. The ensuing hydro-polymer (on irradiation) also has a tendency to grow 
fungi when exposed to unsterile conditions'. In view of this in any application which 
uses (or is to use) a similar technology (particularly in environments where hygiene 
is of some concern), the hydro-polymers have to remain isolated from any but inert 
environments (at least pending the identification of a suitable (aqueous) fungicide). 
This is another reason why the radiation method of hydro-polymerisation lends 
itself to the current application. 
'Several specimens (of different types) which were left open in the labs tended to have been 
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Figure CA: PVA (cross- linked circa 
95% w/w) with fungal growth after 
a few months immersed in a sealed 
container of tap water. 
colonised by what have the appearance of brown and/or green algae, see Figure CA. 
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D Computer Code Listing 
Appendix D 
Computer Code Listing 
Thermal 
Code. 
-3213 
Analysis and Experiment Controller Computer 
Due to the length of a hard copy code listing. the computer codes are provided 
on diskette. 
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Epilogue 
Lord Jesus, I love Thee, I know Thou art mine; 
For Thee all the pleasures of sin I resign: 
My gracious Redeemer, my Saviour art Thou, 
If ever I lov'd Thee, Lord Jesus., ýits now. 
I love Thee, because Thou has first loved me, 
And purchased my pardon on Calvm-y's tree: 
I love Thee for wearing tlie thorns on Tli *v 
brow; 
If cver I loved Thee, Lord Jesus, 'tis now. 
I'll love Thee in life, I Nvill IoNv Thee in death. 
And praise Thee as long ýAs Thou lendest me breath: 
And sa , N, when 
the death-dew lies cold on my brow, 
If ever I loired Thee, Lord Jesiis, 'tis now. 
In ages eternal of endless delight 
I'll ever adore Thee in glory so bright; 
I'll sing with the glittering crown on my brow, 
If ever I loved Thec, Lord Jesus, -tis now. 
--William R. Featherstone 
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